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ABSTRACT Caldicellulosiruptor bescii is the most thermophilic cellulose degrader
known and is of great interest because of its ability to degrade nonpretreated plant
biomass. For biotechnological applications, an efficient genetic system is required to
engineer it to convert plant biomass into desired products. To date, two different
genetically tractable lineages of C. bescii strains have been generated. The first
(JWCB005) is based on a random deletion within the pyrimidine biosynthesis genes
pyrFA, and the second (MACB1018) is based on the targeted deletion of pyrE, mak-
ing use of a kanamycin resistance marker. Importantly, an active insertion element,
ISCbe4, was discovered in C. bescii when it disrupted the gene for lactate dehydro-
genase (ldh) in strain JWCB018, constructed in the JWCB005 background. Additional
instances of ISCbe4 movement in other strains of this lineage are presented herein.
These observations raise concerns about the genetic stability of such strains and
their use as metabolic engineering platforms. In order to investigate genome stabil-
ity in engineered strains of C. bescii from the two lineages, genome sequencing and
Southern blot analyses were performed. The evidence presented shows a dramatic
increase in the number of single nucleotide polymorphisms, insertions/deletions, and
ISCbe4 elements within the genome of JWCB005, leading to massive genome rear-
rangements in its daughter strain, JWCB018. Such dramatic effects were not evident
in the newer MACB1018 lineage, indicating that JWCB005 and its daughter strains
are not suitable for metabolic engineering purposes in C. bescii. Furthermore, a facile
approach for assessing genomic stability in C. bescii has been established.

IMPORTANCE Caldicellulosiruptor bescii is a cellulolytic extremely thermophilic bacte-
rium of great interest for metabolic engineering efforts geared toward lignocellulosic
biofuel and bio-based chemical production. Genetic technology in C. bescii has led
to the development of two uracil auxotrophic genetic background strains for meta-
bolic engineering. We show that strains derived from the genetic background con-
taining a random deletion in uracil biosynthesis genes (pyrFA) have a dramatic in-
crease in the number of single nucleotide polymorphisms, insertions/deletions, and
ISCbe4 insertion elements in their genomes compared to the wild type. At least one
daughter strain of this lineage also contains large-scale genome rearrangements that
are flanked by these ISCbe4 elements. In contrast, strains developed from the second
background strain developed using a targeted deletion strategy of the uracil biosyn-
thetic gene pyrE have a stable genome structure, making them preferable for future
metabolic engineering studies.
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Caldicellulosiruptor bescii is a strict anaerobe that grows optimally at 78°C and is the
most thermophilic cellulose degrader known. It produces acetate, lactate, and

hydrogen from the fermentation of a variety of sugars, as well as from nonpretreated
plant biomass (1). Its ability to deconstruct lignocellulosic biomass, combined with its
high optimal growth temperature, makes C. bescii of great biotechnological interest for
metabolic engineering efforts toward lignocellulosic bio-based fuel and chemical pro-
duction. To this end, a genetic system was developed for C. bescii utilizing a uracil
auxotrophic mutant background strain and the counterselectable marker pyrF, a gene
required for biosynthesis of uracil that also confers sensitivity to 5-fluoroorotic acid
(5-FOA) (2, 3). Because there was no method for direct selection of a targeted deletion
of pyrF in wild-type C. bescii, the initial development of a genetic background strain
relied on the selection of random mutants containing deletions in uracil biosynthesis
pathway genes (4). This method resulted in strain JWCB005, which has a partial deletion
in both the pyrF and pyrA genes (4). A more recent development leading to the
improvement of C. bescii genetic methodologies was the use of a high-temperature
kanamycin resistance gene (htk codon optimized for C. bescii [Cbhtk]) that enables
antibiotic resistance to be utilized for gene insertion or deletion (5). This strategy
allowed for the clean deletion of the pyrE gene from wild-type C. bescii, generating the
uracil-auxotrophic 5-FOA-resistant strain MACB1018. This strain has also been used as
a genetic background via the utilization of Cbhtk and kanamycin to select for trans-
formants and 5-FOA resistance to select for loss of the pyrE marker (5).

To date, the JWCB005 genetic background strain has been the basis for the majority
of the genetically engineered strains of C. bescii (Fig. 1 and Table 1). Efforts to improve
the genetic system included the development of a replicating shuttle vector, as well as
deletion of the cbeI gene to generate strain JWCB018, allowing for transformation
without prior methylation of the DNA (3). Other work has led to a better understanding
of plant biomass degradation through the deletion of the major cellulose-degrading
enzymes CelA and pectate-lyase (6, 7). Additional studies included engineering-
improved biomass utilization via heterologous expression of cellulose-degrading en-
zymes from other members of the Caldicellulosiruptor genus or other thermophilic
cellulolytic organisms (8–10). Detoxification of furan aldehydes found in pretreated
plant materials has also been addressed (11). Utilizing this genetic system also led to
the discovery of the unexpected ability of C. bescii to utilize tungsten, a metal seldom
used in biology (12).

Of particular interest for industrial applications are strains where metabolism has
been altered to engineer C. bescii for ethanol production. Deletion of the lactate
dehydrogenase gene (ldh) in C. bescii eliminated lactate production and increased
acetate and hydrogen production by 21% and 34%, respectively, compared to the
parent strain (13). The deletion of the maturation genes required for the nickel-iron
hydrogenase showed that this enzyme was not responsible for the majority of the
hydrogen production by C. bescii (14). The addition of a bifunctional alcohol dehydro-
genase gene (adhE) from Clostridium thermocellum, resulting in strain JWCB032, allowed
for the production of ethanol from plant biomass at 65°C (15), and production at 75°C
was obtained by expressing the genes encoding AdhE and AdhB from Thermoanaero-
bacter pseudethanolicus 39E, although the ethanol yield was much lower (16). JWCB032
is the best ethanol-producing strain of C. bescii to date, making it thus far the most
promising strain for future industrial development.

Genetic stability of microbial strains is paramount for their industrial application.
This is especially important as strains of relatively unstudied nonmodel microorganisms
are developed for biotechnological applications. Insertion sequence (IS) elements can
contribute to instability via transposition into other parts of the chromosome, thereby
potentially modifying or eliminating gene function or expression. However, little is
known currently about IS elements and genome stability in Clostridiales and Firmicutes.
In C. bescii, there are 45 annotated IS elements from 7 classes of transposon families, 25
of which are full length and 20 of which are truncated and presumably inactive. One of
these classes of IS elements, ISCbe4, was shown to be active in C. bescii. It was observed
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in the generation of strain JWCB018, where its transposition into the ldh gene elimi-
nated lactate production (17). Herein, we have investigated the mutations and IS
element movement in strains within the two genetic background lineages, JWCB005
(ΔpyrFA) and MACB1018 (ΔpyrE), by genome sequencing and Southern blot analyses to
assess their genomic stability for future studies. These analyses show that JWCB005 and
its daughter strains have a significantly higher number of mutations and active ISCbe4
elements than the wild type, and this contributes to genome instability that can result
in large genome rearrangements. In contrast, the genetic background lineage with a
clean deletion of pyrE (MACB1018) had no significant genome rearrangements and
significantly fewer mutations.

RESULTS AND DISCUSSION
Phenotypic abnormalities and IS element movements in JWCB005 lineage

strains. In 2012, the first genetically tractable strain of C. bescii, JWCB005, was reported,
obtained via selection for a random mutation in the uracil biosynthetic genes (4).
JWCB005 contained a deletion in the pyrFA genes, and growth without uracil was
possible with only the addition of the pyrF gene (4). Strain JWCB005 and its ΔcbeI
daughter strain, JWCB018, have since been the basis for 30 of the 40 strains of C. bescii
that have been developed (Fig. 1 and Table 1) (3). A second genetic background lineage
of C. bescii was recently developed, based on strain MACB1018, which contains a
targeted deletion of pyrE (2, 5) (Fig. 1 and Table 1). So far, MACB1018 has been used to
develop only two strains, MACB1032 and MACB1034, which are described below.
However, several phenotypic abnormalities in strains in the JWCB005 lineage have
become apparent, including decreased swimming motility, clumping when grown
without shaking, and the spontaneous production of lactate, despite the fact that the
gene for ldh was assumed to be inactivated.

To further investigate the clumping phenotype in the JWCB005 lineage, a swimming
motility assay was used to compare various strains (Fig. 2). We utilized a wild-type stock
of the originally published C. bescii DSM 6725 strain (wild-type reference [WT-Ref]),
JWCB005 (ΔpyrFA), JWCB018 (ΔpyrFA ΔcbeI), MACB1018 (ΔpyrE), and the wild-type
parent to MACB1018 (WT-Parent). JWCB005 and WT-Parent both generated discrete
colonies, indicative of a swimming motility defect, while all other strains gave diffuse
colonies (Fig. 2). Of these five strains, only JWCB018 showed evidence of clumping and
settling in liquid growth medium (see Fig. S2 in the supplemental material). These

FIG 1 Tree of genetically modified strains of C. bescii originating from two genetic background lineages.
Strains included in the Southern blot analyses are shown in bold text. Strains sequenced using PacBio
technology are shown in red. The strain genotypes and the publications in which they are described can
be found in Table 1.
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results indicate that the motility and clumping phenotypes are likely not related, and,
since they were not previously documented, no genetic basis for their existence is
known. However, JWCB018 was reported to be unable to produce lactate, and this
phenotype was shown to be the result of an insertion sequence element (ISCbe4)
transposition into the lactate dehydrogenase gene (ldh) (17).

We have also observed two instances of ISCbe4 transposition during the construc-
tion of strains using the JWCB005 lineage. The first occurred when a strain, MACB1002,
was constructed to heterologously express the gene (aor) encoding the aldehyde
oxidoreductase of Pyrococcus furiosus, driven by the slp promoter on a replicating
shuttle vector (12). The replicating plasmid was isolated from the recombinant strain,
but the plasmid size differed from that of the original transformation plasmid by about
1.5 kb. PCR and sequence analysis confirmed the presence of an ISCbe4 element located
73 bases inside the 5= end of the 200-bp slp promoter sequence (Fig. 3; see also Fig. S3).
A 10-base sequence of the promoter was repeated on each side of the IS element.
Expression of the aor gene from P. furiosus (Pfaor) did not appear to be negatively
affected, as 127 bp of the 3= end of the promoter were still intact, and the expression
level of Pfaor was higher than that of the native slp gene (12).

The second IS element movement that we observed in a JWCB005-derived strain
was in strain MACB1013. This strain was constructed to express Pfaor and the adhA

TABLE 1 Genetically modified strains of C. bescii to date, including genotype, parent strain, and reference

Strain Genotype or description Parent strain Reference

C. bescii DSM 6725 None 1
JWCB002 ΔpyrBCF C. bescii DSM 6725 2
JWCB003 pyrBCF restored by marker replacement JWCB002 2
JWCB005 ΔpyrFA C. bescii DSM 6725 4
JWCB010 ΔpyrFA ΔpecABCR JWCB005 6
JWCB011 Transformed with pDCW89 JWCB005 4
JWCB014 Transformed with pDCW129 JWCB005 4
JWCB017 ΔpyrFA Δldh JWCB005 13
JWCB018 ΔpyrFA ΔcbeI ldh::ISCbe4 JWCB005 3
JWCB021 Transformed with pDCW89 JWCB018 4
JWCB029 ΔpyrFA ΔcbeI ldh::ISCbe4 ΔcelA JWCB018 7
JWCB032 ΔpyrFA ldh::ISCbe4 Δcbe1 PS-layer Cthe-adhE JWCB018 15
JWCB033 ΔpyrFA ldh::ISCbe4 Δcbe1 PS-layer Cthe-adhE*(EA) JWCB018 15
JWCB036 ΔpyrFA Δldh CIS1::PS-layer Cthe-adhE JWCB017 14
JWCB038 ΔpyrFA Δldh CIS1::PS-layer Cthe-adhE ΔhypADFCDE JWCB017 14
JWCB044 ΔpyrFA ldh::ISCbe4 ΔcbeI PS-layer bdhA JWCB018 11
JWCB046 Transformed with pDCW173 JWCB029 45
JWCB049 ΔpyrFA Δldh CIS1::PS-layer adhE(Teth39_0206) JWCB017 16
JWCB052 ΔpyrFA ldh::ISCbe4 Δcbe1 PS-layer E1 JWCB018 8
JWCB054 ΔpyrFA Δldh CIS1::PS-layer adhB(Teth39_0218) JWCB017 16
JWCB069 Transformed with pSKW06 JWCB029 46
JWCB070 Transformed with pSKW07 JWCB029 46
JWCB071 Transformed with pSKW09 JWCB029 46
JWCB073 Transformed with pJGW07 containing C. thermocellum pyrF JWCB052 10
JWCB074 Transformed with pSKW10 containing PS-layer Acel_0180 JWCB052 10
JWCB075 Transformed with pSKW11 containing PS-layer Acel_0372 JWCB052 10
JWCB079 Transformed with pSKW14 JWCB029 46
JWCB080 Transformed with pSKW15 JWCB029 46
JWCB081 Transformed with pSKW16 JWCB029 46
RKCB103 ΔpyrFA ΔcbeI ldh::ISCbe4 pJMC009 (PS-layer Calkro_0402) JWCB018 9
RKCB106 ΔpyrFA ΔcbeI ldh::ISCbe4 PS-layer Cbhtk JWCB018 5
MACB1002 ΔpyrFA ΔcbeI ldh::ISCbe4 pIMSPfAOR (PS-layer-His6-PF0346) JWCB018 12
MACB1013 ΔpyrFA ΔcbeI PS-layer aor adhA (PF0346, Teth514_0564) JWCB018 This study
MACB1015 Transformed with pSBS4 C. bescii DSM 6725 5
MACB1017 ΔpyrE C. bescii DSM 6725 5
MACB1018 ΔpyrE C. bescii DSM 6725 5
MACB1019 ΔpyrE C. bescii DSM 6725 5
MACB1020 ΔpyrE C. bescii DSM 6725 5
MACB1021 ΔpyrE C. bescii DSM 6725 5
MACB1032 ΔpyrE ΔcbeI MACB1018 5
MACB1034 ΔpyrE Δldh MACB1018 5
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gene encoding the primary alcohol dehydrogenase of Thermoanaerobacter sp. strain
X514 to investigate ethanol production via the novel AOR-AdhA pathway (18).
JWCB018 was used as the parent strain, which contains an ISCbe4 insertion in the ldh
locus, thereby eliminating lactate production (17). JWCB018 was transformed with
pGR002 to insert the aor-adhA expression construct at the cbeI locus to generate strain
MACB1013 (Fig. S1). However, MACB1013 was unexpectedly found to produce lactate.
Sequencing of the ldh locus showed that the ISCbe4 element was no longer present in
the ldh gene, which instead had the wild-type sequence (Fig. 3). The mechanism of the
transposase encoded within the ISCbe4 element has not been determined, and it is
unknown whether the loss of ISCbe4 in this instance was the result of a rare recombi-
nation event or if it was transposase mediated (19, 20). All of these observations
established the need to investigate IS element movements and genome stability within
the JWCB005 lineage, as well as the newer MACB1018 (ΔpyrE-derived) lineage (Fig. 1).

Southern blot analyses of C. bescii strains. Given the phenotypic abnormalities
and observed IS element movements in the ΔpyrFA mutant (JWCB005) lineage strains
described above, several strains were selected to probe for IS element movement via
Southern blot analyses: JWCB005, JWCB018, JWCB032, and MACB1013 from the ΔpyrFA

FIG 2 Motility test using 0.03% Bacto agar plates. Mobile cells generate diffuse colonies, and nonmotile
cells generate discrete colonies. WT-Ref, JWCB018, and MACB1018 are motile, while WT-Parent and
JWCB005 lose their motility.
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mutant lineage, MACB1018, MACB1032, and MACB1034 from the ΔpyrE mutant lineage,
and WT-Ref as a control. As shown in Fig. 1, JWCB032 and MACB1013 are daughters of
JWCB018 that were engineered for ethanol production using two different pathways,
with JWCB032 having the highest ethanol yield of any strain of C. bescii to date (15).
MACB1018 is a recently developed alternative genetic background strain that was used
for the construction of MACB1032 and MACB1034, containing deletions of ldh and cbeI,
respectively (5).

Southern blot analysis for ISCbe4 was performed on NsiI-digested genomic DNA
from the various strains of C. bescii, and the results are shown in Fig. 4. The probe was
designed to hybridize to a 444-bp region of the transposase gene and contains
homology to all intact copies of ISCbe4. Wild-type C. bescii and strains MACB1018,
MACB1032, and MACB1034 all have the expected pattern of digestion and hybridiza-
tion with the ISCbe4 probe, with one additional band present for MACB1018 and its
daughter strains. However, all strains from the JWCB005 lineage, including JWCB018,
JWCB032, and MACB1013, have a clear increase in the instances of ISCbe4 in their
genomes, although resolution of the exact number from the Southern blot analysis
alone is difficult, and more than one transposon may be present on a given restriction
fragment. Furthermore, resolution of bands of similar size may not have occurred under
the conditions used for this Southern blot analysis, which would result in a potential

FIG 3 Movement of ISCbe4 elements observed in strains derived from JWCB005. (A) PCR verification of
pyrFA and ldh loci of MACB1013. MACB1013 has the ΔpyrFA mutation matching its parent strain JWCB018
(1.1 kb) and a wild-type ldh gene (2.3 kb). (B) PCR products showing ISCbe4 element insertion in plasmids
originating from strain MACB1002 (4.1 kb) compared to the control plasmid used for constructing the
strain carrying pIMSAOR (2.4 kb).

FIG 4 Southern blot probed for ISCbe4 element. The predicted banding pattern is shown at the right,
with a digital blot generated using the published WT-Ref sequence. WT-Parent gives the expected
banding pattern based on sequencing results. There is only one additional band observable for
MACB1018, MACB1032, and MACB1034, the strains from the targeted deletion of pyrE lineage. JWCB005,
JWCB018, JWCB032, and MACB1013 (which was derived from JWCB018) all have a dramatic increase in
ISCbe4 elements, the exact number of which is difficult to determine from the Southern blot analysis
alone.
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underestimation of the movements that have occurred. The same membrane used in
Fig. 4 was stripped and hybridized repeatedly with probes designed for four of the
other IS elements in C. bescii, ISCbe1, ISCbe2, ISCbe3, and ISCbe5 (Fig. S4). For these
additional four probes, either limited or no movement was observed for each insertion
element.

Sequencing of C. bescii strains. To better understand genome stability and IS
element movement within the two C. bescii lineages, PacBio sequencing was performed
on the following strains: JWCB005 (ΔpyrFA mutant) and JWCB018 (daughter of
JWCB005), as well as MACB1018 (ΔpyrE mutant), its wild-type C. bescii DSM 6725 parent
(WT-Parent), and four of its sister strains generated concurrently with MACB1018:
MACB1017, MACB1019, MACB1020, and MACB1021. The sister strains of MACB1018
were included to gain insight into the variation that can occur among isolates within
one round of genetic manipulation. PacBio sequencing was used in order to observe
the transpositions of ISCbe4, since the longer read length allows for greater accuracy in
identification of IS element localization. The sequencing and assembly resulted in a
single draft-quality contig for each the strains (see Materials and Methods for process-
ing details). These eight draft genomes were compared to the previously published
level 6 finished Sanger/454-based reference genome of wild-type C. bescii DSM 6725
(WT-Ref; accession no. CP001393.1) (21).

IS element analyses. The Web-based ISsaga2 analysis tool (22) was used to predict
the location and type of all known IS elements in all nine genomes (eight strains plus
the WT parent). Table 2 shows the number of all known complete and partial IS
elements by family in the wild-type reference sequence and in the strains sequenced
in this study. IS elements defined as complete by ISsaga are those that meet or exceed
both global and local alignment thresholds for IS ends, inverted repeats, direct repeats,
and associated open reading frames (ORFs). Partial IS elements score below the
threshold and/or are missing components (e.g., inverted repeats). The numbers of
complete and partial IS elements remain the same in each of the genomes, with the
notable exception of ISCbe4, as well as one instance of ISCbe2 (Table 2). The only
apparently active IS element is ISCbe4, and the one ISCbe2 element that is lost from
JWCB018 can be explained by a recombination event between two ISCbe4 elements
that flank the lost ISCbe2 element in the parent strain (Fig. 5).

The genome positions of each IS element were identified using the genome
sequences upstream and downstream from them in order to examine the stability of
individual elements from each parent strain to its daughter(s). With the exception of
ISCbe4, the positions of all the IS elements remain the same; however, as expected from
the IS element counts in Table 2, the genome positions of ISCbe4 elements in the two
lineages shown in Fig. 1 are very different. There was one instance that appeared to be
an increase in one ISCbe3 element in MACB1018; however, further analysis indicated an
assembly error, as regions upstream and downstream of the element were also
duplicated. PCR analysis confirmed that this region in MACB1018 was identical to the
WT-Parent (Fig. S5). This finding highlights the occasional errors that are present in the
draft sequences and the need to verify results when questions arise.

In most cases where strains gained ISCbe4 elements, the existing ISCbe4 elements
from the parent strains were retained at the same genome location in the daughter

TABLE 2 Number of all known insertion elements in each of the resequenced strains of C. bescii

IS type

No. of insertion elements (no. of partial elements) by strain

WT-Ref WT-Parent JWCB005 JWCB018 MACB1017 MACB1018 MACB1019 MACB1020 MACB1021

ISCbe1 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2)
ISCbe2 5 (2) 5 (2) 5 (2) 4 (2) 5 (2) 5 (2) 5 (2) 5 (2) 5 (2)
ISCbe3 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2) 4 (2)
ISCbe4 7 (5) 7 (5) 19 (5) 23 (5) 8 (5) 9 (5) 10 (5) 9 (5) 8 (5)
ISCbe6 4 (3) 4 (3) 4 (3) 4 (3) 4 (3) 4 (3) 4 (3) 4 (3) 4 (3)
ISCsa1 0 (2) 0 (2) 0 (2) 0 (2) 0 (2) 0 (2) 0 (2) 0 (2) 0 (2)
ISCsa9 1 (4) 1 (4) 1 (4) 1 (4) 1 (4) 1 (4) 1 (4) 1 (4) 1 (4)
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strains. As shown in Table 2, the sister strains MACB1017 to MACB1021 have different
numbers of ISCbe4 elements. However, many of these insertion sites are the same, and
there are only three new locations for ISCbe4 compared to the parent (WT-Parent). The
new ISCbe4 in MACB1017 is shared by all five sister strains. The second new ISCbe4 in
MACB1018 is shared by MACB1019 and MACB1020. The final ISCbe4 is unique to
MACB1019. An examination of the ISCbe4 elements in the JWCB005 lineage shows that
most of the ISCbe4 elements are shared between JWCB005 and JWCB018, except for
those new to JWCB018. The individual elements were slightly more difficult to identify,
as a number of elements had swapped flanking regions, indicating that recombination
had occurred at these ISCbe4 elements. There was one notable instance where one
ISCbe4 element was lost between WT-Parent and JWCB005. This loss did not result in
a duplication of the direct repeats flanking ISCbe4; instead, only one copy of the direct
repeat remained. This observation is particularly important, as it is the second instance
of the loss of ISCbe4 without the duplication of the direct repeats. Interestingly, one
ISCbe4 element in JWCB018 disrupted a gene previously identified as a cellulose-
binding protein termed a ta�pirin (Athe_1870) (23, 24), and this could potentially give
rise to changes in attachment to and degradation of biomass substrates (Table S5).
However, the cause of the swimming motility defect seen in strain WT-Parent and
JWCB005 or the clumping phenotype in JWCB018 could not be attributed to movement
of the known insertion elements.

FIG 5 Overall genome arrangements for the WT-Parent, JWCB005, MACB1018, and JWCB018. ISCbe4 elements are
shown in black lines along the outside of the circular genome diagrams. There are no large-scale rearrangements
in JWCB005 and MACB1018 compared to wild type. There are two large rearrangements and inversions in JWCB018
(green and red regions) compared to the wild type and its parent, JWCB005.
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While the mechanism of transposition of ISCbe4 has not been biochemically char-
acterized, the results presented here have implications for its mode of action. The
increase in its copy number within the genomes of all strains that have undergone
genetic manipulation without loss of the transposon at the wild-type or parent position
suggests that this IS element may use a replicative method of transposition (20). A
“copy-out paste-in” mechanism, as described by Curcio and Derbyshire, seems to be the
most likely mode of replication (20). Additionally, Guérillot et al. reported circular forms of
other ISLre2 family transposons, of which ISCbe4 is a member (25). This mechanism would
also explain the loss of ISCbe4 without duplication of the direct repeats, as this would be
a rare event occurring during the repair of the single-strand break caused during move-
ment of the IS element, resulting in the clean loss of the element rather than duplication.

Comparison of published and resequenced wild-type strains. To evaluate the
quality of the draft contigs initially, a whole-genome alignment of the published
wild-type reference genome (WT-Ref) to the PacBio resequenced wild-type contig
(WT-Parent) was performed. This showed that there are four single nucleotide poly-
morphisms (SNPs) (three occurring within genes) between these two genome se-
quences, and seven deletions (three within genes) and 14 insertions (nine within genes)
of two or more nucleotides in the reference genome (Table S2). Upon closer inspection
of the insertions and deletions in the alignment, most were located in homopolymer
runs of four or more nucleotides and were on average less than one nucleotide long,
so these may be attributed to sequencing or assembly artifacts. Overall, the two
genome sequences generally agree but with only one notable exception, and this is at
the so-called glucan degradation locus (GDL) (23). As shown in Fig. 6, these two
genome assemblies have different arrangements within this locus, accounting for two

FIG 6 Differences in genome arrangement between previously published genome sequence (WT-Ref)
and resequencing results (WT-Parent). (A) The overall arrangement of the wild-type genome sequenced
by the two methods. There is only one major disagreement at the glucan degradation locus (GDL). The
black lines at each region show the locations of the PCR products used to validate the biologically
relevant genome region. (B) PCR validation of the arrangement at the GDL. Expected product sizes for
the resequenced genome are AC, 10.0 kb; CB, 12.0 kb; and BD, 7.9 kb. Product sizes for the published
genome are AB, 10.5 kb; BC, 9.0 kb; and CD, 10.6 kb. The expected products were attained for the
orientation reported by the PacBio resequencing. For reactions targeting the orientation in the published
genome, one larger than expected product was observed for reaction AB, and all other bands were faint
or smaller than expected, indicative of nonspecific PCR products.
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of nine insertions into genes and two of three deletions within genes. Determining
which orientation is correct is of biological relevance, since the GDL is critically
important for biomass degradation in C. bescii. To confirm the correct orientation, we
designed primers to bridge these regions and performed PCR (Fig. 6). Genomic DNA
from DSM 6725 was used as the template for the six reactions, and the primers were
paired to give products for either WT-Parent or WT-Ref (Fig. 6). All expected products
were generated for the orientation presented by the PacBio resequencing, while bands
of the incorrect size were observed for the PCR products predicted by the orientation
in the original Sanger/454-sequenced C. bescii genome. Hence, the PacBio assembly is
the correct and biologically relevant sequence (Fig. 6). This region of the C. bescii
genome has stretches of identical nucleotides up to 2.5 kb in length, and the longer
read length of PacBio sequencing is advantageous for assembling this highly repetitive
region. Ultimately, there is no change to the sequence of any particular gene in this
region; however, the gene order is affected by these new results.

Genome rearrangements in C. bescii strains. To examine genome rearrangements

in the two lineages, the JWCB005, JWCB018, and MACB1018 sequences were aligned to
the WT-Parent sequence. The WT-Parent sequence was selected as the reference for
these alignments because of the corrected GDL orientation. The alignment results show
that dramatic rearrangements have occurred in JWCB018 (Fig. 5). The overall organi-
zation of the WT-Parent, MACB1018, and JWCB005 genomes is the same, although
JWCB005 has a notable increase in the number of ISCbe4 elements. JWCB018, however,
has two large genome rearrangements and inversions (Fig. 5). Intriguingly, each of
these rearrangements is flanked by an ISCbe4 element, suggesting that the increased
number of ISCbe4 elements is responsible for the rearrangements observed. There is
also evidence for the loss of 10 kb of DNA coding for 11 genes (Athe_0717 to
Athe_0727) from JWCB018, which is located between two ISCbe4 elements in JWCB005.
These genes include those encoding five Leptospira repeat proteins, two hypothetical
proteins, a transglutaminase, a transpeptidase, and one instance of ISCbe2. These genes
have not been studied in detail in C. bescii and clearly are not essential for growth under
laboratory conditions. However, these dramatic changes to the genome, combined with
the dramatic increase in the number of ISCbe4 elements, demonstrate the instability of
JWCB005 and of its daughters. In contrast, the alignment of WT-Parent to MACB1018 or any
of its sister strains (MACB1017, MACB1019, MACB1020, and MACB1021) shows no genome
rearrangements (Fig. S6).

Mutations in C. bescii strains. While rearrangements can have major impacts on a

genome’s stability, so too can smaller variations. Thus, whole-genome alignments of
the eight non-wild-type genomes were performed against WT-Ref to investigate SNPs
and indels. JWCB005 and JWCB018 had 50 and 56 SNPs in 13 and 16 unique genes,
respectively, compared to MACB1018 and its sisters (MACB1017 and MACB1019 to
MACB1021), which ranged from six to nine SNPs in five to six unique genes (Table S3).
As expected, each lineage contained SNPs that were highly conserved among related
strains, indicating they are true mutations and are not sequencing or assembly errors.
However, it is not clear that any of these SNPs can be attributed to the movements of
ISCbe4, as none were in close proximity to the insertion elements.

Several SNPs are found in the 23S rRNA gene (Athe_R0035) of strains JWCB005 (3
SNPs), JWCB018 (3 SNPs), and MACB1017 (1 SNPs). However, a disproportionately high
number of the SNPs from the ΔpyrFA mutant lineage strains (JWCB005 and JWCB018)
were in an annotated pseudogene, Athe_2202. Yet, no SNPs were found in this
pseudogene in the ΔpyrE mutant lineage strains (MACB1017 to MACB1021), suggesting
it is not a sequencing or assembly error. Unfortunately, the swimming motility defect
in WT-Parent and JWCB005 could not be easily attributed to any SNP. The clumping
phenotype in JWCB018 could be related to an SNP in a gene that encodes a transke-
tolase domain protein (Athe_2060). Athe_2060 is homologous to a gene in Mycoplasma
genitalium previously reported to cause cells to clump when disrupted (26). However,
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in C. bescii, this SNP cannot be the sole cause for the clumping phenotype, because it
is also found in JWCB005, which does not exhibit this phenotype.

JWCB005 and JWCB018 had 34 and 79 deletions (16 and 25 in unique genes) and 39
and 46 insertions (12 and 16 in unique genes) compared to the reference genome,
respectively (Table S4). In contrast, the ΔpyrE mutant lineage strains MACB1017 to
MACB1021 had 15 to 19 deletions (10 to 12 in unique genes) and 9 to 14 insertions (5
to 7 in unique genes) compared to the WT-Ref genome (Table S4). It should be noted
that the error in the WT-Ref GDL, as described above, does account for two of the gene
insertions and two of the gene deletions in all eight strains. One of the deletions in
JWCB005 caused a frameshift in the flagellar M-ring protein, Flif (Athe_2173), which is
likely the source of the swimming motility defect based on previous studies in a
different organism (27). Interestingly, the WT-Parent, but not the ΔpyrE mutant daugh-
ter strains, also shares this mutation in a thymine-rich region. Therefore, it was further
confirmed by PCR amplification and sequencing. The results suggest that this region of
the fliF gene seems to be highly unstable, as the phenotype switches readily between
generations of C. bescii strains.

Establishing a screen for C. bescii strains. Although genome sequencing analysis
gives a much more precise picture of the movements of ISCbe4 and mutations, the
approach is not high throughput and is not feasible for every new C. bescii strain that
is generated. To that aim, we sought to develop and validate a faster method to
determine the genome stability of C. bescii strains. For this analysis, we compared the
Southern blot results shown in Fig. 4 with digital Southern blot analysis generated from
the new sequencing results for those strains that were sequenced. This comparison
shows that the Southern blot and sequencing results are very closely related, allowing
for the potential use of Southern blot analysis as a preliminary screen to estimate
changes in the genomes of strains (Fig. 4; see also Fig. S7). Since a goal of this study was
to find a method to quickly evaluate the genomic stability of strains over time, it is
noteworthy that ISCbe4 was the only IS element in C. bescii that changed significantly
on the Southern blots, making it an ideal single marker for genome stability in these
lineages. Since the Southern blots serve as a proxy for IS movements, we set out to
calculate the median number of mutations per ISCbe4 element so that we could
estimate the total number of mutations in a new strain using only Southern blotting.
As a relative control for sequencing and assembly errors, we subtracted the WT-Refseq
total IS and total mutations from the total IS and total mutations for each of the newly
sequenced strains. While not all IS elements and mutations are phenotypically equal,
we assumed they were for ease of calculation. Next, we divided the number of
mutations by the number of ISCbe4 elements per strain to get the ratio of mutations
per ISCbe4. This yielded a median of 8.2 mutations per ISCbe4 over the eight strains,
with a range of 3 to 10 mutations per IS. This means that for every new band on a
Southern blot, there are approximately 8 or 9 additional mutations accompanying it.
While ISCbe4 elements provide a good estimation of the mutation rate, this method is
still susceptible to the limitations of Southern blotting, so that not all elements will be
counted as separate bands when the fragment sizes overlap. However, since the IS
elements predicted from the sequencing data are almost identical to those on the blot,
this is not a major concern.

Conclusions. Strains constructed using the ΔpyrFA mutant lineage (JWCB005) gen-
erated by random mutagenesis have improved the understanding of C. bescii metab-
olism and biomass deconstruction, as well as expanded the possibilities for engineering
biofuel production in this organism. However, moving forward, it will be important to
utilize the most stable strains for metabolic engineering purposes. The phenotypic
abnormalities, chromosomal rearrangement, and genetic variations that we have doc-
umented in the ΔpyrFA mutant lineage (JWCB005) throughout this study are significant.
In contrast, our analyses indicate that the newer ΔpyrE mutant lineage (MACB1018),
constructed via the targeted deletion of pyrE, shows no major rearrangements, fewer IS
element movements, and significantly fewer mutations. Thus, as the ΔpyrE-derived
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lineage is more similar to the wild type and appears to be significantly more stable, it will
be a better choice for use in future metabolic engineering efforts. Additionally, with the aid
of the long reads generated from PacBio sequencing technology, we have shown the
glucan degradation locus (GDL) in the originally published C. bescii wild-type genome is in
the incorrect orientation. In the future, Southern blot analysis can be used to initially
examine the movement of IS elements in new strains, with particular attention given to
ISCbe4, and to provide an estimate of the number of genetic mutations. Genome sequenc-
ing will then be used to verify these results, where the time and cost deem it necessary.

MATERIALS AND METHODS
Growth of C. bescii. C. bescii DSM 6725 was obtained from the DSMZ German Collection of

Microorganisms and Cell Cultures, and a glycerol stock of it was used to represent wild-type reference
(WT-Ref) for assays. Another stock from 2015 that was used as the parent strain for MACB1017 to
MACB1021 was used for resequencing (WT-Parent) and assays. C. bescii strains JWCB005, JWCB018, and
JWCB032 were obtained from J. Westpheling (University of Georgia). C. bescii strains MACB1013,
MACB1017 to MACB1021, MACB1032, and MACB1034 were generated as described previously (5). Strains
of C. bescii were grown on the glucose-containing modified DSM 516 (CG516) medium containing 20 �M
uracil, as previously described (5). For sequencing analysis, cultures were grown in 500 ml of cellobiose-
containing low-osmolarity complex (LOC) medium, as described previously (28). The 500-ml cultures for
sequencing analysis were grown overnight statically at 70°C under anaerobic conditions. All other
cultures were grown overnight at 75°C with shaking at 150 rpm under anaerobic conditions. All strains
were revived from glycerol stocks and transferred to fresh medium before genomic DNA was extracted
for Southern blot and/or DNA sequencing analyses.

Swimming motility assay. The swimming motility assay is based on previous studies with meso-
philic microorganisms (27). Cultures of each strain were grown overnight and then serially diluted in 1�
low-osmolarity defined (LOD) salts. In an anaerobic chamber containing N2/H2 (98%/2% [vol/vol]), cells
were distributed onto plates and grown while embedded in LOC medium containing 0.3% Bacto agar.
Plates were incubated at 65°C for 2 days.

Clumping assay. Glycerol stocks of WT-Parent, JWCB005, JWCB018, and MACB1018 were revived
overnight in CG516 medium supplemented with uracil. Cell density was determined using a Petroff-
Hauser counting chamber. Cultures were transferred to 50-ml glass serum bottles containing 20 ml
CG516 medium with uracil at a starting cell density of 2 � 106 cells · ml�1 and grown at 78°C for 36 h
with no shaking or disturbance. Cultures were then swirled gently just prior to being imaged.

Genomic DNA extraction. Cells from 50-ml and 500-ml cultures were harvested at 6,000 � g for
Southern blot and DNA sequencing analyses, respectively. A phenol-chloroform-isoamyl alcohol extraction
was used, as described previously (23). Ethanol precipitation was performed to obtain highly pure DNA. The
DNA concentration was determined using a Thermo Scientific NanoDrop 2000c spectrophotometer.

Strain construction. pGR002 for transformation into strain JWCB018 was generated using Gibson
Assembly from New England BioLabs (29). The structure of the plasmid is shown in Fig. S1 and was
sequence verified. Competent cells were prepared by growing 500-ml cultures in LOD medium with
amino acids (28) and washed with 10% (wt/vol) sucrose, as described previously (5). Cells were mixed
with 0.5 to 1 �g of plasmid DNA and transferred to a 1-mm-gap electroporation cuvette, and electro-
poration was carried out as described previously (5). Recovery was in 20 ml of LOC medium at various
intervals, 1-ml samples of recovery cultures were centrifuged for 1 min at 14,000 rpm, and the
supernatant was removed to minimize uracil carryover to selective medium. Cell pellets were resus-
pended in 0.2 ml of selective LOD medium without uracil supplementation and transferred to the
selective medium (28). Transformation isolates were purified once on solid LOD medium without uracil
and screened for complete plasmid insertion at the ΔcbeI locus. Counterselection was then performed on
solid LOD medium with 4 mM 5-FOA and 40 �M uracil for loss of the plasmid backbone or reversion to
the parent strain. Colony isolates were once again screened and subjected to a final round of purification
on solid LOD medium with 40 �M uracil, and the insertion of Pfaor (the Pyrococcus furiosus aldehyde
ferredoxin oxidoreductase gene) and adhA was confirmed by sequencing. This strain was designated
MACB1013.

Genome sequencing and assembly. All aspects of library construction and sequencing performed
at the JGI can be found at http://www.jgi.doe.gov. The raw reads from each genome were de novo
assembled using HGAP (version 2.3.0) (32) into a single chromosomal contig. However, the parameters
were not optimal for the correct assembly of the two native plasmids of C. bescii, and thus, these data
were not used for further analyses. Read coverage ranged from 72.6� to 499.1�. No genome polishing
was performed beyond the PCR verifications listed in this study.

Genome annotation. Genome features and annotations were predicted using JGI’s standard pipe-
line, but that information was not utilized in this study. Instead, the features and annotations from the
reference genome sequence were transferred to the draft genome sequences using the Rapid Annota-
tion Transfer Tool (RATT; version 1.0 using the “strain” settings profile) (33) for comparison with other
analyses in this study. In the publicly available genome drafts, the genes were identified using Prodigal
(34), followed by a round of manual curation using GenePRIMP (35). The predicted coding sequences
(CDSs) were translated and used to search the National Center for Biotechnology Information (NCBI)
nonredundant, UniProt, TIGRFam, Pfam, KEGG, COG, and InterPro databases. The tRNAscan-SE tool (36)
was used to find tRNA genes, whereas rRNA genes were found by searches against models of the rRNA
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genes built from SILVA (37). Other noncoding RNAs, such as the RNA components of the protein
secretion complex and RNase P, were identified by searching the genome for the corresponding Rfam
profiles using INFERNAL (38). Additional gene prediction analysis and manual functional annotation were
performed within the Integrated Microbial Genomes (IMG) platform developed by the Joint Genome
Institute, Walnut Creek, CA, USA (39).

Genome alignments and variations. The assembled draft genomes were downloaded from the JGI
genome portal (30), and the plasmid contigs were removed due to assembly errors (data not shown). The
reference genome was that of wild-type C. bescii DSM 6725 (WT-Ref; accession no. CP001393.1) from
NCBI’s GenBank repository, and the plasmids were removed for consistency in analyses (21). Whole-
genome alignments to this reference were created using progressiveMauve (version 20150226 build 10)
(40), with the following nondefault settings: default seed weight, false; use seed families, true; match
seed weight, 15; and minimum LCB weight, 3,000. Based on an initial alignment of each draft genome
sequence to the reference, the first base pair of each chromosomal contig was shifted, and the reverse
complement was generated, if required, using Geneious version 8.1.8 (41) (see Table S1 for specific
changes). The final alignments and all other analyses were based on these newly generated draft
genome sequences. The locally colinear block (LCB) coordinates from the final progressiveMauve (version
20150226 build 10) alignments were extracted and added to the genomes as GFF3 tracks. In addition, the
final alignments produced the coordinates for SNPs and indels (or gaps) identified by progressiveMauve.
Those coordinates were mapped on the reference sequence features (e.g., genes, CDSs, etc.) using a
custom BioPerl script (42) and tabulated (Tables S2 to S4).

Southern blot analysis probe generation. Primers for insertion sequence elements ISCbe1, ISCbe2,
ISCbe3, ISCbe4, and ISCbe5, as identified by the ISfinder website (43), were designed using the wild-type
strain C. bescii DSM 6725 (accession no. CP001393.1) from NCBI’s GenBank repository (21). Probes were
designed to generate 400- to 600-bp PCR products from C. bescii DSM 6725 genomic DNA using the
primer pairs shown in Table 3. PrimeSTAR Max polymerase (TaKaRa Bio) was used according to the
manufacturer’s recommendations, and PCR products were then concentrated and purified using a DNA
Clean & Concentrator kit (Zymo Research). Probes were labeled with digoxigenin (DIG) using the
DIG-High Prime DNA labeling and detection starter kit I.

Southern blot analyses. Southern blots were generated with 3 �g of genomic DNA from each strain
digested with the NsiI– high-fidelity (HF) restriction enzyme (New England BioLabs). The restriction
fragments were separated by electrophoresis at 100 V for 2 h in a 0.7% (wt/vol) agarose gel containing
0.5 �g · ml�1 ethidium bromide. The gels were subjected to depurination and denaturation, followed by
neutralization. Gels were then equilibrated in 1� Tris-borate-EDTA (TBE) for 10 min. Restriction fragments
from the gel were transferred onto positively charged membranes (Roche) using the Thermo Scientific
semidry electroblotter at 120 mA for 45 min. The DNA fragments were fixed to the membrane by UV
cross-linking in a Stratagene UV Stratalinker 2400 using the auto-cross-link setting. After prehybridiza-
tion, the nylon membrane with the restriction fragments was incubated with the probe with shaking at
45°C overnight, in accordance with the DIG-High Prime DNA labeling and detection starter kit I (Roche)
protocol. Stringency washes were performed using 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) and 0.1% SDS at 65°C for two 30-min washes. Immunological detection was performed according
to the manufacturer’s instructions, and membranes were stripped and reprobed according to the DIG
protocol.

TABLE 3 Primers used in this study, including those used to amplify IS element probes
for Southern blot analysis, GDL arrangement confirmation, and ISCbe3 duplication
confirmation

Target Primer name Sequence (5= to 3=)
ISCbe4 JD001 GGAGCGATAATAGAGAGAGTAGTAGAC

JD002 CTTTATCCAATTAGCTCCATCTCC
ISCbe1 JD003 GCATACTTCAACATCCCTATCACAG

JD004 GTACGTATATGCGACGATACAAGC
ISCbe2 JD005 CTGGCTTCAGATACAGACG

JD006 GCTCTTGGTGGAATAGGATTTAGTTC
ISCbe3 JD007 CAGTCAAGGGTGTTTATGAG

JD008 CACCCTGATATGGCAGTATC
ISCbe6 JD009 CTCAACTGGTGGATTATACATC

JD010 CCAAGAGACAGAGAAGGTG
GDL A AR073 CCACTTGGTGCCACATAAATAGC
GDL B AR075 GCAAGAAGGTTAGGTGGAAACAG

AR076 CTGTTTCCACCTAACCTTCTTGC
GDL C AR077 AAGAAGAAATTCAATCAAAGTTGATG

AR074 TCACGTATGACGATTGAAGC
GDL D AR078 GAGGTTAGAGATTTATGAAGCGTTACAG
ISCbe3 region A AR082 TAAAAGCTGTATCGCACCACC

AR084 AATTGAAGCAGAGTGTGGAGC
ISCbe3 region B AR083 CTCAGCTTATTCAAGGACGAC

AR081 CACTTCTCAGTGGAGTAGAGTC
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In silico Southern blot analyses. The reference and draft genome sequences were digitally digested
with the NsiI restriction enzyme using Geneious version 8.1.8, and the individual sequence fragments
were assigned unique identification (ID) numbers. Theses fragments were added to a custom BLAST
database queried with the ISCbe1, ISCbe2, ISCbe3, ISCbe4, and ISCbe5 probes (as described above) using
blastn (version 2.2.29 with default settings, except an E value cutoff of 1e�10, yet no hit was greater than
1e�100) (44). Then, only the probe hits were temporarily reassembled into a single pseudocontig for each
genome using a custom BioPerl script. This pseudocontig was digitally redigested with NsiI using
Geneious (version 8.1.8), yielding the digital Southern blot images.

Insertion sequence analyses. The insertion sequence elements were predicted for the reference
and draft genome sequences using the semiautomatic annotation engine in the Web-based ISsaga 2 tool
(http://issaga.biotoul.fr/). Predicted complete and partial IS elements were extracted and added to the
genomes as GFF3 tracks.

Accession number(s). The assembled level 3 improved high-quality draft genome sequences
were generated for wild-type C. bescii DSM 6725 (WT-Parent; European Nucleotide Archive [ENA]
accession no. FXXF01000001), JWCB005 (ENA accession no. FUZN01000002), JWCB018 (ENA accession
no. FXXD01000001), MAC1017 (ENA accession no. FXXE01000001), MAC1018 (ENA accession no.
FUZJ01000001), MAC1019 (ENA accession no. FUZL01000001), MAC1020 (ENA accession no.
FXXC01000001), and MAC1021 (ENA accession no. FWDH01000001) by the U.S. Department of Energy’s
Joint Genome Institute (JGI) (30) using Pacific Biosciences (PacBio) SMRTbell libraries, with sequencing on
the PacBio RS/RS II platform (31).
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