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in Caldicellulosiruptor hydrothermalis generates a
new host for the analysis of biomass
deconstruction
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Abstract

Background: Members of the thermophilic, anaerobic Gram-positive bacterial genus Caldicellulosiruptor grow
optimally at 65 to 78°C and degrade lignocellulosic biomass without conventional pretreatment. Decomposition

of complex cell wall polysaccharides is a major bottleneck in the conversion of plant biomass to biofuels and
chemicals, and conventional biomass pretreatment includes exposure to high temperatures, acids, or bases as well
as enzymatic digestion. Members of this genus contain a variety of glycosyl hydrolases, pectinases, and xylanases,
but the contribution of these individual enzymes to biomass deconstruction is largely unknown. C. hydrothermalis is
of special interest because it is the least cellulolytic of all the Caldicellulosiruptor species so far characterized, making
it an ideal naive system to study key cellulolytic enzymes from these bacteria.

Results: To develop methods for genetic manipulation of C. hydrothermalis, we selected a spontaneous deletion of
pyrF, a gene in the pyrimidine biosynthetic pathway, resulting in a strain that was a uracil auxotroph resistant to
5-fluoroorotic acid (5-FOA). This strain allowed the selection of prototrophic transformants with either replicating or
non-replicating plasmids containing the wild-type pyrf gene. Counter-selection of the pyrF wild-type allele on
non-replicating vectors allowed the construction of chromosomal deletions. To eliminate integration of the
non-replicating plasmid at the pyrF locus in the C. hydrothermalis chromosome, we used the non-homologous
Clostridium thermocellum wild-type pyrF allele to complement the C. hydrothermalis pyrF deletion. The autonomously
replicating shuttle vector was maintained at 25 to 115 copies per chromosome. Deletion of the Chyl restriction
enzyme in C. hydrothermalis increased the transformation efficiency by an order of magnitude and demonstrated
the ability to construct deletions and insertions in the genome of this new host.

Conclusions: The use of C. hydrothermalis as a host for homologous and heterologous expression of enzymes
important for biomass deconstruction will enable the identification of enzymes that contribute to the special ability
of these bacteria to degrade complex lignocellulosic substrates as well as facilitate the construction of strains to
improve and extend their substrate utilization capabilities.
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Introduction

Plant biomass recalcitrance is one of the most important
barriers to its use as a substrate for the production of
fuels and chemicals using microorganisms as catalysts.
The plant cell wall consists of a complex web of polysac-
charides and phenolics that function in plant structure
and development [1]. Perennial plants like switchgrass
could be incorporated into so-called agro-ecosystems,
which would increase carbon storage and biofuel pro-
duction, decrease carbon dioxide emissions, and im-
prove water quality through wetland denitrification [2].
While the natural recalcitrance of plant biomass is a
major barrier [3], several methods including direct mi-
crobial breakdown of cell wall structures can be used to
liberate energy-rich sugars for conversion to useful bio-
fuels and bioproducts.

Chemical and thermal pretreatments are often used to
break down the raw substrate, but they are expensive
and destructive to the sugars in the biomass [4], and
they produce hydrolysates inhibitory to both cellulose
degradation and microbial growth [5]. In contrast, ther-
mophilic anaerobes in the genus Caldicellulosiruptor
can deconstruct high loadings of plant biomass into sim-
ple sugars without conventional pretreatment [6-8] and
have recently been engineered to produce ethanol di-
rectly from switchgrass [9]. Caldicellulosiruptor species
can simultaneously utilize the wide range of hexoses,
pentoses, oligosaccharides, and polysaccharides released
from the plant cell wall, and there is no evidence of car-
bon catabolite repression [10,11]. These qualities make
them well suited for consolidated bioprocessing (CBP),
in which one microorganism is used for both biomass
deconstruction and end-product formation.

Members of the Caldicellulosiruptor genus are anaer-
obic Gram-positive bacteria, and they are the most
thermophilic cellulose-degrading organisms known [12].
They secrete free carbohydrate-active enzymes (CAZys)
[13] with carbohydrate-binding modules that are well
suited for binding and degrading cell wall polysaccharides
[14]. C. bescii is one of the strongest crystalline cellulose
degraders in the genus, whereas the closely related C.
hydrothermalis is one of the weakest [7]. Interestingly, C.
hydrothermalis lacks the multidomain CAZys found in
more cellulolytic members of the genus [15] as well as a
cluster of pectinases that affect C. bescii growth on bio-
mass (D. Chung, submitted). In addition to lacking multi-
domain enzymes, C. hydrothermalis completely lacks the
glycosyl hydrolase (GH) domains GH9 and GH48 [12],
the domains that comprise CelA, the most highly secreted
cellulase in C. bescii [16]. C. hydrothermalis thus provides
a “blank slate” with which to study thermophilic enzymes
important for biomass degradation in vivo, and is a pro-
mising system for heterologous expression of plant bio-
mass deconstruction enzymes.
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To establish methods for genetic manipulation of
C. hydrothermalis, we took an approach similar to the one
previously used for C. bescii that relied on the selection of
a pyrF deletion mutant, which allows for nutritional selec-
tion of transformants [17]. Interestingly, C. hydrothermalis
contains fewer mobile genetic elements than other mem-
bers of the genus [18], so this species may have other ad-
vantages for genetic manipulation, including fewer issues
with genome stability that could result from genetic se-
lections and counter-selections. We transformed the pyrF
deletion mutant with the pJGWO07 shuttle vector that is
based on a native plasmid, pBAS2, from C. bescii [19].
Both the C. bescii and the heterologous Clostridium
thermocellum wild-type pyrF allele were shown to com-
plement this deletion, restoring the mutant to uracil pro-
totrophy. Deletion of the Chyl restriction enzyme in
C. hydrothermalis, a homolog of a Haelll-like restriction
enzyme known to be a barrier to transformation in C. bescii
[20,21], increased the transformation efficiency by about an
order of magnitude. The new strain C. hydrothermalis
JWCHO08 should facilitate the assessment of plant biomass
deconstruction by the Caldicellulosiruptor genus and the
molecular engineering of deconstruction enzymes.

Results and discussion

Selection for resistance to 5-FOA resulted in a spontaneous
deletion of the pyrF gene in C. hydrothermalis

The pyrF gene encodes orotidine monophosphate decarb-
oxylase, an enzyme in the pyrimidine biosynthesis path-
way. Deletion of this gene results in uracil auxotrophy and
resistance to 5-fluoroorotic acid (5-FOA), allowing pro-
totrophic selection of transformants and counter-selection
of the wild-type allele [22]. The optimal growth tem-
perature for C. hydrothermalis is 65°C [23], and we had
previously observed an increase in the spontaneous muta-
tion rate in cells grown above and below 65°C. To obtain
spontaneous deletions of pyrF, cells were grown at non-
optimal temperatures in the presence of uracil. The pre-
sence of uracil in the growth medium allowed for the
maintenance of cells with spontaneous mutations in the
pyrE gene. After growth at various temperatures, cells
were plated onto a medium with 5-FOA selecting resis-
tance and loss of pyrF function. One 5-FOA resistant mu-
tant, JWCHO006 (Table 1), that had been grown at 60°C
contained a 99-bp deletion in pyrF (Figure 1A) and was
confirmed to be a uracil auxotroph resistant to 5-FOA.

Uracil auxotrophy in C. hydrothermalis is complemented
by heterologous expression of the Clostridium
thermocellum pyrF gene

Electrocompetent C. hydrothermalis TWCHO006 (ApyrF)
cells were prepared based on the method for C. bescii
[17] and transformed with a previously described shuttle
vector, pDCW89 [24], containing the wild-type C. bescii
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Table 1 Strains and plasmids used in this study

Strain or plasmid Genotype/phenotype
JWCH001 C. hydrothermalis DSM 18901 wild -type
(ura*/5-FOA?)
JWCHO006 C. hydrothermalis ApyrF (ura~/5-FOAR)
JWCH008 C. hydrothermalis ApyrF Achy! (ura/5-FOAR)
JWCH009 C. hydrothermalis ApyrF harboring pJGW07
(ura*/5-FOAY)
JW401 DH5a containing pJGWO03 (Apramycin®)
Jw402 DH5a containing pJGWO07 (ApramycmR)
pDCW89 E. coli/Caldicellulosiruptor shuttle vector
(C. bescii pyrF)
pDCW88 Caldicellulosiruptor non-replicating vector
(C. bescii pyrF)
pDCW151 Caldicellulosiruptor chyl deletion vector
(C. bescii pyrf)
pJGWO03 Caldicellulosiruptor chyl deletion vector
(C. thermocellum pyrF)
pJGWO7 E. coli/Caldicellulosiruptor shuttle vector

(C. thermocellum pyrF)

pyrE allele. Transformation of C. bescii with plasmid
DNA isolated from E. coli requires in vitro methylation by
a methyltransferase, M.Cbel [17]. As C. hydrothermalis
has a similar restriction profile to that of C. bescii [20], we
anticipated that in vitro methylation by M.Cbel would
protect plasmid DNA isolated from E. coli and allow
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transformation of C. hydrothermalis. pDCW89 DNA
methylated with M.Cbel in vitro successfully transformed
the C. hydrothermalis ApyrF mutant to prototrophy at an
average frequency of 37 colony forming units (CFUs) per
microgram of DNA (Table 2).

Since the deletion of pyrF in JWCHO006 was only 99 bp
(Figure 1A), and there is 95% DNA sequence homology
between the pyrF genes in C. bescii and C. hydrothermalis,
there was a large region of residual homology between the
pyrF locus in the C. hydrothermalis chromosome and the
C. bescii pyrF gene on the plasmid. Although pDCW89
DNA methylated in vitro with M.Cbel transformed C.
hydrothermalis JWCHO006 to prototrophy, we found that
the wild-type plasmid-encoded pyrF allele repaired the
mutant pyrF locus in almost every case (Additional file 1:
Figure S1), and the plasmid was not maintained auto-
nomously over time. Since marker replacement in
C. hydrothermalis relies on the integration of non-
replicating plasmids at sites other than pyrF, the C. bescii
pyrF cassette in pDCW89 was replaced by the C. thermo-
cellum homolog (Cthe0951) to create pJGWO07 (Figure 2A).
While the two PyrF protein sequences are 45% identical,
the C. thermocellum pyrF gene has very low DNA sequence
homology with the Caldicellulosiruptor pyrF genes. Trans-
formation of JWCHO006 with methylated pJGW07 was
successful (Figure 2B, Additional file 1: figure S2A), and
uracil prototrophic transformants were obtained at a fre-
quency of 22 + 10 CFU per microgram of DNA (Table 2).
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Figure 1 Isolation of a spontaneous pyrF mutant in C. hydrothermalis. (A) Chromosomal map of the uridine monophosphate (UMP)
biosynthetic gene cluster in C. hydrothermalis JWCHOO06. The 99-bp spontaneous deletion in Apyrf is indicated by the line below the diagram.
462 bp lie upstream and 357 bp lie downstream of the deletion. Bent arrows depict primers used to verify the structure of the pyrf gene in the
JWCHO006 strain. (B) Gel depicting PCR products of the pyrF region in the wild-type strain (1.13 kb) compared to the JWCHO0O06 strain (1.02 kb)
amplified by the indicated primers (DC163 and DC164). M: 1 kb DNA ladder (NEB); 1: wild-type genomic DNA; 2: JWCHO006 genomic DNA; 3:
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Table 2 Transformation efficiency (CFU/ug DNA)

Strain pJGWO07 pJGWO7M pDCW89 pDCW89IM
JWCHO006 ApyrF 33+£24 22+10 18£20 3743
JWCHO008 ApyrF Achyl 395+301 241+174 58+48  100+90

The suffix M denotes plasmid methylated with C. bescii

M.Cbel methyltransferase.

Results represent the average * standard deviation of three biologically
independent transformation experiments.

Plasmid pJGWO07 was purified directly from C. hydro-
thermalis based on a previously published method for
other Gram-positive organisms [25]. Undigested plasmid
isolated from C. hydrothermalis migrated in an agarose
gel slightly differently from plasmid DNA isolated from
E. coli, and we suggest that the difference is not in size
but in methylation within the native host compared to
E. coli (Figure 2B). Endonuclease restriction analysis
using a panel of enzymes indicated that plasmid isolated
from C. hydrothermalis is protected at GGCC sites by a
HaellI-like modification system as expected but not at
GATC sites (Additional file 1: Figure S3). This suggests
that C. hydrothermalis lacks the DNA adenine methylase
present in E. coli. EcoRI or Hhal recognition sites are
not protected in either organism.

To confirm that the plasmid was replicating autono-
mously, DNA isolated from the C. hydrothermalis trans-
formant JWCHO009 (Table 1) was back-transformed into
E. coli DH5a. Plasmid DNA recovered from 12 apramy-
cin-resistant E. coli transformants was identical in its
restriction patterns to pJGWO07 transformed into C. hydro-
thermalis, suggesting that the plasmid was structurally
stable during transformation, replication, and back-
transformation to E. coli (Additional file 1: Figure S2).
There was no evidence of plasmid integration (Additional
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file 1: Figure S4) resulting from recombination between
the C. thermocellum pyrF gene on the plasmid and the
C. hydrothermalis pyrF gene in the chromosome.

These data show that, although C. thermocellum has
an optimal growth temperature of 60°C, the C. thermo-
cellum orotidine-5"-phosphate decarboxylase functions
at temperatures up to at least 65°C and that the C. ther-
mocellum gene is expressed at sufficient levels to com-
plement the C. hydrothermalis pyrF deletion.

A shuttle vector derived from a native C. bescii plasmid is
maintained at a high copy number in C. hydrothermalis
We recently reported the construction of a shuttle vec-
tor for C. bescii [24] based on the smaller of two native
plasmids in that species [19]. The native plasmid pBAS2
is maintained in C. bescii at a copy number of approxi-
mately 75 [24]. Because the shuttle vector derived from
this plasmid competed with the native plasmid it was de-
rived from, the shuttle vector was maintained in low
copy and was readily lost without selection. While an
unstable plasmid is useful for some applications, stability
and high copy number also have advantages. No native
plasmid DNA was detected in C. hydrothermalis using
conventional plasmid isolation methods, nor was one
identified during the sequencing of total DNA isolated
from this strain [26]. We anticipated that the C. bescii
shuttle vector would likely replicate in C. hydrothermalis
and might be stably maintained at a high copy number.
Quantitative polymerase chain reaction (qPCR) was per-
formed as described in the Methods section to de-
termine the copy number of the pJGWO07 plasmid in
C. hydrothermalis, and the results indicated that it was
maintained between 25 and 115 copies per chromosome
over five serial transfers, but was quickly lost without se-
lection (Figure 3, Additional file 1: Table S1).

C. thermocellum
pyrF (Cthe0951)

AprR

Figure 2 Plasmid pJGWO07 isolated directly from C. hydrothermalis ApyrF. (A) pJGWO07 constructed by replacing the C. bescii pyrf gene with
the C. thermocellum ATCC 4705 homolog Cthe0951. The hatched region was derived from C. bescii native plasmid pBAS2. Apr", apramycin
resistance casette; repA, replication initiator for pSC101 replication origin; par, partitioning locus. (B) Agarose gel depicting pJGWO07 plasmid DNA
extracted from different sources. M, molecular weight standards; E, pJGWO07 purified from E. coli; C, pJGWO07 purified from C. hydrothermalis.
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Figure 3 Determination of plasmid copy number. Quantitative PCR (qPCR) was used to detect the copy number of plasmid pJGWO07 in
relation to the chromosome. Shown are the results after the fifth passage through A) selective and B) non-selective media. The x-axis is the
number of iterations of the polymerase chain reaction, and the y-axis displays the logarithm of ARn, which is the fluorescence of the SYBR green dye
with the baseline fluorescence subtracted. The number of cycles required to cross a given threshold (cycles to threshold or Ct) is reflective of the
plasmid copy number (PCN). The threshold is indicated by a horizontal line. PCN was calculated using the formula PCN = 2/ Ctchomosome— Clplasmid |-
The copy number ranged from about 25 to 115 copies per chromosome in the cultures with selective media. The copy number was determined

based on two independent biological samples with three technical replicates (Additional file 1: Table S1).

Deletion of the C. hydrothermalis Chyl restriction enzyme
results in increased transformation efficiency

In developing methods for DNA transformation of
C. bescii, we observed that restriction by a Haelll isos-
chizomer, Cbel [21], was an absolute barrier to tran-
sformation of DNA from E. coli. We identified, cloned,
expressed, and purified its cognate methyltransferase, M.
Cbel, from C. bescii and showed that DNA methylated
in vitro readily transformed C. bescii [17]. Deletion of cbel
in C. bescii relieved the requirement for in vitro methyla-
tion of plasmid DNA from E. coli by M.Cbel [20] and
allowed efficient DNA transformation. The C. hydrother-
malis chyl gene is an ortholog of cbel with 96% DNA se-
quence identity and 100% sequence coverage. A deletion
of chyl was constructed on a plasmid, pJGWO03, which was
transformed into C. hydrothermalis JWCHO0O06 (Figure 4A).
A deletion mutant was readily obtained in a screen of 50
colonies, and only two rounds of purification on low
osmolarity defined (LOD) plating media containing uracil
[27] were required to resolve the merodiploid, resulting in

C. hydrothermalis TWCHO008 (ApyrE Achyl) (Figure 4C).
We note that the region of the C. hydrothermalis genome
that contains Chyl is not identical to the region of the C.
bescii chromosome that contains Cbel. The C. hydrother-
malis region contains an additional open reading frame
(OREF) that apparently encodes a truncated form of the N-
terminal portion of the Chyl protein. Sequence analysis
revealed a premature stop codon likely resulting from a
point mutation in the Chyl ORF. This altered gene struc-
ture had no obvious effect on enzyme function in vivo.
The deletion we designed included both ORFs.

To assess whether the loss of the Chyl restriction en-
zyme resulted in an increase in transformation efficiency
in C. hydrothermalis, we compared the transformation
efficiencies of the two strains generated in this study,
JWCHO006 (ApyrF) and JWCHO008 (ApyrF Achyl). As
shown in Table 2, electrotransformation of the JWCHO006
parent strain with either the pJGW07 shuttle vector con-
taining the C. thermocellum pyrF gene, or the pDCW89
vector containing the C. bescii pyrF gene, was low but
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Figure 4 Deletion of the gene encoding putative restriction enzyme Chyl. A) Scheme for targeted gene deletion. The pJGWO3 chy/
knockout vector is transformed into JWCHO06 (Apyrf), and uracil prototrophy selects for integration at one of the 500-bp flanking regions,
denoted by the gray boxes. 5' integration is shown. The uracil prototroph is then plated on 5-FOA to select for loop-out of the pyrf cassette via
homologous recombination between flanking region sequences. The two possible results are a return to the wild-type sequence or a clean chy/
deletion. (B) Chromosomal map of the locus containing the ORF for chyl. The deleted region is indicated by the line below the diagram. Bent
arrows depict primers used to verify deletion of chy/ in the JWCHO08 strain. (C) Gel depicting PCR products of the chy/ region in the JWCHO006 ApyrF
strain (2.3 kb) compared to the JWCHO08 Apyrf Achyl strain (1.25 kb) amplified by the indicated primers (JG025 and JG028). 1: C. hydrothermalis
JWCHO006 genomic DNA; 2: C. hydrothermalis JWCHO008 genomic DNA; 3: negative control; M: 1 kb DNA ladder (NEB).
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detectable, and methylation of plasmid DNA did not make
a significant difference in transformability. The standard
deviation in experiments with low numbers of tran-
sformants is substantial but not unexpected [28]. This
extremely low transformation efficiency may be an under-
estimate of the actual efficiency, as the plating efficiency
of C. hydrothermalis on a selective solid medium is less
than 107 (plating 10° cells as determined by cell count
resulted in fewer than 100 colonies). Transformation of
JWCHO08 containing the chyl deletion was an order of
magnitude higher than that of JWCHO006, and again, there
is no significant difference between the transformation ef-
ficiency of methylated and unmethylated DNA, suggesting
differences in the restriction/modification systems of
C. hydrothermalis and C. bescii. The fact that methylation

with M.Cbel made no difference in transformation effi-
ciency was somewhat surprising, especially considering
the fact that deletion of Chyl increased the transformation
frequency of unmethylated DNA. We interpret this to
indicate that there are differences between C. bescii and
C. hydrothermalis in their restriction/modification systems
and perhaps additional enzymes in one or the other that
account for the differences in transformation frequencies.
It is also possible that the truncated form of the Cbel/Chyl
orthologous proteins makes a difference in their activities
(Figure 4B). We previously reported that C. hydrotherma-
lis chromosomal DNA is resistant to digestion by BamHI
and BspEI [20]. Both these enzymes have six base recogni-
tion sequences that are relatively rare compared to four
base recognition sequences. The plasmids used in this



Groom et al. Biotechnology for Biofuels 2014, 7:132
http://www.biotechnologyforbiofuels.com/content/7/1/132

study do not contain BamHI sites. While there are two
BspEl restriction sites (TCCGGA), E. coli DH5a, the
strain we used to make plasmid DNA, contains an
adenine methyltransferase known to protect this site
and may prevent cleavage by C. hydrothermalis during
DNA transformation.

We emphasize that the observed transformation of
the JWCHO006 parent strain is not an indication that
C. hydrothermalis is naturally competent for DNA up-
take. Preparation of electrocompetent cells and elec-
troporation was necessary to detect transformation. We
have invested some effort to induce natural competence
in members of this genus, but those efforts have not
been successful. There are homologs to the natural com-
petence genes comEA, comEC, comGC, and dprA [29],
but in contrast to other thermophilic anaerobes [30],
there is no evidence to date of natural competence in
Caldicellulosiruptor species.

Conclusions

Methods for genetic manipulation of C. hydrothermalis,
based on those used for C. bescii, were successful and ef-
ficient. Restriction of DNA was not an absolute barrier
to transformation, but deletion of the Chyl restriction
enzyme in C. hydrothermalis increased the transform-
ation efficiency by an order of magnitude. Heterologous
expression of the Clostridium thermocellum pyrF gene
was sufficient to complement the C. hydrothermalis
ApyrF mutant, allowing both autonomous plasmid repli-
cation at relatively high copy (about 25 to 115 copies/
chromosome) and marker replacement of the c/yl gene in
the C. hydrothermalis chromosome. The use of this new
strain, C. hydrothermalis TWCHO008, should allow for the
expression of heterologous and homologous enzymes for
both the identification and analysis of enzymes involved in
biomass deconstruction of unpretreated plant biomass
by the Caldicellulosiruptor genus. It will also enable the
engineering of glycosyl hydrolases such as CelA and other
important plant biomass deconstruction enzymes in a
strain devoid of similar enzymes or activities.

Methods

Selection of a pyrF deletion

Wild-type C. hydrothermalis DSM 18901 was grown from
a 0.5% inoculum in 50 mL of a low osmolarity defined
growth medium (LOD) supplemented with 40 pM uracil.
Cultures were grown at 55°C, 60°C, 68°C, and 75°C. Cells
in the late exponential phase were cooled to room
temperature, harvested by centrifugation at 6,100 x g, and
resuspended in 1X C. bescii partial base salts [6]. 100 pL
of resuspended cells were mixed with a 1.5% agar overlay
and plated onto LOD media with 40 pM uracil and 8 mM
5-FOA. The plates were degassed in anaerobic chambers
and incubated for 4 days at 68°C. The colonies were
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picked directly into 20 mL LOD media with 40 pM uracil,
which was immediately degassed and incubated at 68°C.
When the media was turbid, chromosomal DNA was
extracted with a Zymo Research gDNA Extraction kit
(Irvine, CA). The pyrF gene region was amplified from the
wild type and deletion mutant with primers DC163 and
DC164 (Figure 1A), and the PCR products were analyzed
for the presence of deletions in a 1.5% w/v agarose gel by
electrophoresis (Figure 1B). All plasmids were verified by
DNA sequencing (GENEWIZ).

Construction of a shuttle vector containing the pyrF gene
from Clostridium thermocellum ATCC 27405

High-Fidelity Q5 Polymerase (New England Biolabs
(NEB), Ipswich, MA), restriction enzymes (NEB), and
Fast-Link™ DNA Ligase (Epicentre Technologies, Madison,
WI) were used according to manufacturer instructions.
pJGWO7 (Figure 2A) was constructed by replacing the
C. bescii pyrF gene (Cbes1377) on the replicating shuttle
vector pDCW89 [24] with the Clostridium thermocellum
homolog for pyrF (Cthe0951). Cthe0951 was amplified by
PCR using primers JG021 and JG022, engineered to
contain Xbal and Ncol restriction sites, respectively. This
945-bp PCR product was ligated directionally to a 6.75-kb
pDCW89 PCR product amplified using primers JG023
and JG024, which also contain Xbal and Ncol sites. Cor-
rect clones were purified from E. coli with a Miniprep kit
(Qiagen), and confirmed by restriction fragment analysis
and DNA sequencing (GENEWIZ).

Transformation of C. hydrothermalis JWCH006

To prepare cells for transformation, 15 mL of a freshly
grown JWCHO006 (ApyrF) culture were inoculated into
four 500-mL bottles of fresh LOD supplemented with
40 pM uracil and 19 amino acids, and incubated at 65°C
to the early exponential phase (ODggo approximately 0.04
to 0.05). The cultures were cooled to room temperature
for 1 h, harvested by centrifugation (5,000 x g, 10 min) at
4°C and washed three times with 50 mL pre-chilled 10%
sucrose. After the final wash, the cell pellets were resus-
pended in about 250 pL pre-chilled 10% sucrose. 60-puL
aliquots of competent JWCHO006 were added to plasmid
DNA (0.5 pg), either methylated with M.Cbel methyl-
transferase, as previously described [17], or unmethylated,
gently mixed, and incubated in 10% sucrose for 15 min at
room temperature. Electrotransformation of the cell/DNA
mixture was performed via a single exponentially decaying
electric pulse (1.8 kV, 350 Q, and 25 microF) in a pre-
chilled 1-mm cuvette using a Bio-Rad Gene Pulser
(Bio-Rad, Hercules, CA). After pulsing, the cells were in-
cubated in 10 mL low osmolarity complex growth
medium (LOC) [27] at 65°C. After 4 h, the cultures gro-
wing in LOC medium were cooled to room temperature,
harvested by centrifugation (6,100 x g, 10 min), and
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washed three times at room temperature with 1X C. bescii
partial base salts [6] to remove the rich media. The cells
were finally resuspended in 800 pL 1X base salts. For each
plate, 100 pL of resuspended cells were mixed with 2 mL
of a 1% agar overlay and plated onto LOD media lacking
uracil to select for transformation. The plates were
degassed in anaerobic chambers and incubated for 4 days
at 65°C. The colonies were picked directly into 20 mL
LOD media without uracil, which was immediately
degassed and incubated at 65°C. Uracil-prototrophic
transformants were confirmed by PCR amplification of
C. hydrothermalis DNA using primers JG021 and JF199,
which are specific for pJGWO07 (Figure 2C, Additional
file 1: figure S2A).

Analysis of plasmid structure and stability in

C. hydrothermalis

A single transformant colony was picked directly into
20 mL LOD media lacking uracil, which was immediately
degassed and incubated at 65°C. This strain maintai-
ning the pJGWO07 shuttle vector was named JWCHO09.
JWCHO009 was grown to the late exponential phase
(ODggo approximately 0.15) in 50 mL LOD. Direct ex-
traction of plasmid DNA from JWCHO009 was performed
as previously described [21,25]. The plasmid DNA was
digested with enzymes Haelll, EcoRI, Hhal, and Mbol
(NEB).

To determine the structural stability of the plasmid,
DNA was extracted from C. hydrothermalis with a
gDNA Extraction kit (Zymo Research), and 2 pL of
DNA was electrotransformed into E. coli DH5« via sin-
gle electric pulse (2.5 kV, 200 Q, and 25 microF) in a
pre-chilled 2-mm cuvette using a Bio-Rad Gene Pulser.
The cells were placed into 1 mL SOC media for 1 h with
shaking at 37°C, and then plated onto LB agar supple-
mented with 50 pg/mL apramycin. The colonies were
picked into 10 mL LB with 50 pg/mL apramycin, and
the plasmid DNA was extracted using a Miniprep kit
(Qiagen) and screened with restriction enzymes EcoRI
and ApaLl (NEB) (Additional file 1: Figure S2B).

Plasmid copy number determination by quantitative PCR

To determine the pJGWO07 copy number and maintenance
over time, JWCHO009 was grown to ODggy approximately
0.15 and serially subcultured for 5 days. The total DNA
was isolated from the cultures and treated with RNase A.
qPCR experiments were carried out with a LightCycler
480 Real-Time PCR instrument (Roche, Indianapolis, IN)
with LightCycler 480 SYBR Green I Master mix (Roche).
Two independent sets of primers specific to either the
pJGWO07 plasmid (Q1/Q2 inside Cbes2777, Q3/Q4 inside
Cbes2778) or the C. hydrothermalis chromosome (Q11/
Q12 inside Calhy0897, Q13/Q14 inside Calhyl377) were
used to compute the relative copy number of the plasmid
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to the chromosome. Three replicate reactions for each
primer set were performed, and the average of the two pri-
mer sets on each sample was used to calculate the plasmid
copy number in each serial subculture (Additional file 1:
Table S1) according to the method of Lee et al [31]. The
amplification efficiency over a 10*-fold range of DNA con-
centrations was 93.5%, within the ratio of 90 to 110% con-
sidered acceptable (Life Technologies).

Construction of a deletion of the chyl gene in

C. hydrothermalis

A vector backbone was amplified from suicide vector
pDCW88 [20] with primers DC081 and DC262. Flanking
regions for the chyl gene (Calhy0408) were amplified
using primers DC484 and DC485 (5” flanking region) and
DC486 and DC487 (3’ flanking region). The 5" and 3’
flanking regions were combined into one fragment by
overlap extension PCR and ligated into the pDCW88 vec-
tor backbone using restriction enzymes Kpnl and ApaLl.
The resulting plasmid pDCW151 was used to construct
pJGWO03 in which the C. bescii pyrF gene cassette
(Cbes1377) was replaced with the C. thermocellum pyrF
gene (Cthe0951) as described above. Competent C. hydro-
thermalis JWCHO006 cells were prepared as described
above. 1.0 pg of non-replicating plasmid pJGWO03 was
added to 50-pL aliquots of competent JWCHO006, gently
mixed, and incubated for 15 min at room temperature.
Electrotransformation of the cell/DNA mixture was per-
formed via a single electric pulse (1.8 kV, 350 Q, and 25
microF) in a pre-chilled 1-mm cuvette using a Bio-Rad
Gene Pulser. After pulsing, the cells were incubated in
10 mL low osmolarity complex growth medium (LOC)
[27] at 68°C with shaking at 150 rpm. From this culture,
0.5% inocula were transferred into LOD medium lacking
uracil at 65°C every hour for 4 h to select for integration
into the C. hydrothermalis genome. When the cultures in
the selective media were turbid, a 0.5% inoculum was
transferred to 50 mL LOD supplemented with 40 pM ura-
cil to allow a loopout of the wild-type pyrF allele to occur.
This culture was then plated onto LOD plates supple-
mented with 40 uM uracil and 6 mM 5-FOA to select
against the pyrF wild-type allele, and grown for 4 days at
68°C. Colonies were picked directly into 20 mL LOD
medium with uracil, which was immediately degassed and
incubated at 68°C. The resulting cultures were screened
for a deletion using primers JG025 and JG026, and one de-
letion culture was purified twice on solid LOD media sup-
plemented with 40 uM uracil.

Additional file

Additional file 1: Figure S1. Repair of the pyrf gene in pDCW89
transformants. Figure S2. Evidence for transformation and stable
replication of the Caldicellulosiruptor/E. coli shuttle vector pJGWO7 in
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C. hydrothermalis. Figure S3. Restriction digest analysis of pJGWO07.
Figure S4. Maintenance of the mutated pyrf gene in pJGW07
transformants. Table S1. Quantitative PCR data. Table S2. Primers used
in this study.
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