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ABSTRACT Although Clostridium acetobutylicum is the model organism for the
study of acetone-butanol-ethanol (ABE) fermentation, its characterization has long
been impeded by the lack of efficient genome editing tools. In particular, the contri-
bution of alcohol dehydrogenases to solventogenesis in this bacterium has mostly
been studied with the generation of single-gene deletion strains. In this study, the
three butanol dehydrogenase-encoding genes located on the chromosome of the
DSM 792 reference strain were deleted iteratively by using a recently developed
CRISPR-Cas9 tool improved by using an anti-CRISPR protein-encoding gene, acrllA4.
Although the literature has previously shown that inactivation of either bdhA, bdhB,
or bdhC had only moderate effects on the strain, this study shows that clean dele-
tion of both bdhA and bdhB strongly impaired solvent production and that a triple
mutant AbdhA AbdhB AbdhC was even more affected. Complementation experi-
ments confirmed the key role of these enzymes and the capacity of each bdh copy
to fully restore efficient ABE fermentation in the triple deletion strain.

IMPORTANCE An efficient CRISPR-Cas9 editing tool based on a previous two-
plasmid system was developed for Clostridium acetobutylicum and used to investi-
gate the contribution of chromosomal butanol dehydrogenase genes during solven-
togenesis. Thanks to the control of cas9 expression by inducible promoters and of Cas9-
guide RNA (gRNA) complex activity by an anti-CRISPR protein, this genetic tool
allows relatively fast, precise, markerless, and iterative modifications in the genome
of this bacterium and potentially of other bacterial species. As an example, scarless
mutants in which up to three genes coding for alcohol dehydrogenases are inacti-
vated were then constructed and characterized through fermentation assays. The re-
sults obtained show that in C. acetobutylicum, other enzymes than the well-known
AdhET are crucial for the synthesis of alcohol and, more globally, to perform effi-
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The five other identified genes (CA_C3298, CA_C3299, CA (3375, CA_(C3392, and
CA_P0059) code for alcohol dehydrogenases (1). The contributions of the different
enzymes involved in butanol flux have been recently characterized in C. acetobutylicum
(2). During acidogenesis, the small amount of butyraldehyde produced by AdhE2 is
reduced to butanol mainly by the BdhB dehydrogenase but also by AdhE2 and BdhA.
During solventogenesis, most of the butanol flux depends on AdhE1, which converts
butyryl coenzyme A (butyryl-CoA) to butyraldehyde, and on BdhB, which converts
butyraldehyde to butanol (2).

Of the six enzymes with alcohol dehydrogenase activity identified, three (BdhA,
BdhB, and BdhC, encoded by CA_C3299, CA_C3298, and CA_C3392, respectively) have
been shown to be NADPH dependent, unlike AdhE2, which is NADH dependent (2).
Mutants of strains ATCC 824 and DSM 1731 were constructed previously in two
different studies (3, 4) in which the three corresponding genes were inactivated
separately with ClosTron-based approaches (5); these studies showed that those genes
have little or no contribution to solvent production. However, to date, we are not aware
of any studies about the concomitant deletion of several copies of bdh genes.

In fact, difficulties in genetically modifying this bacterium, mainly because of poor
transformability and low homologous recombination (HR) efficiencies (6), still limit a full
understanding of its metabolism and physiology. To overcome this issue, genetic tools
dedicated to the Clostridium genus in general and to C. acetobutylicum in particular
have been developed in the recent years (7). Lately, several research groups working on
Clostridium have developed tools based on CRISPR-Cas (8-14). Briefly, the Cas nuclease
is guided to a target site by a so-called guide RNA (gRNA), where it generates a
double-strand break (DSB). For most bacteria, including those belonging to the Clos-
tridium genus, those DSBs are lethal when occurring in an essential nucleic acid, such
as in the chromosome, and are repaired through HR when a template is available.
Providing a template altering the target site will allow the bacteria to repair its genome
and to prevent another DSB. The strength of the strategy is that the bacteria can survive
only if the target site is modified through the allele exchange event using the provided
editing template.

In some cases (11), endogenous CRISPR-Cas systems have been exploited, but since
none of them has been identified in C. acetobutylicum strains so far, the heterologous
Cas9 from Streptococcus pyogenes is, to date, the most commonly used nuclease in this
bacterium. Given the high toxicity of Cas9 and the low transformation and HR frequen-
cies in Clostridium, the use of constitutive promoters for the expression of cas9 and
gRNA is generally not possible. In fact, only a few publications reported on the
successful generation of mutants when using constitutively expressed nucleases and
gRNA in this genus (8, 14). To alleviate this issue, several groups used Cas9n, a variant
of Cas9 that catalyzes a single-strand break (SSB) instead of a DSB, which can be
repaired by the cell and is therefore less toxic (9, 15). Ultimately, the cell will be
protected against the nickase action only if the target site is modified through HR with
the provided editing template. On one hand, it is therefore easier to obtain transfor-
mants but, on the other hand, mutants are generally isolated at lower frequencies and
after subculturing, because of the less selective action of the nickase (7). Another
strategy relies on the use of inducible promoters to drive the expression of cas9 and/or
the gRNA (10, 12, 13). Once transformants in which cas9 expression is repressed have
been obtained, it is possible to trigger the synthesis of the ribonucleoprotein complex
through the addition of the inducer and to select edited cells.

Our group recently developed an inducible CRISPR-Cas9 tool for Clostridium based
on the use of two plasmids (16). In this system, the cas9 gene is located on a first
plasmid, pCas9,.q under the control of Pcm-tetO2/1, together with the tetR gene,
whose product represses the transcription of cas9 in the absence of anhydrotetracy-
cline (aTc) (17). While this first plasmid is unique and modification independent, the
second plasmid, generically designated pGRNA, is target-specific and contains a gRNA
expression cassette and the appropriate editing template. Both pCas9;,, and pGRNA

July 2020 Volume 86 Issue 13 e00408-20

Applied and Environmental Microbiology

aem.asm.org 2


https://aem.asm.org

Bdh Contribution to Solvent Production

plasmids are introduced into the cell sequentially, and cas9 and gRNA expression is
induced by aTc in transformants to select genome-edited mutants.

Although this system has been successfully used to target several genes in the
genome of C. acetobutylicum, we report here on the difficulties encountered in obtain-
ing transformants containing both pCas9 and pGRNA in some cases, most likely
because of a basal leaky expression in the absence of the inducer of both the nuclease
and the gRNA. To overcome this problem, we optimized pCas9,,4 by cloning a gene
encoding the AcrllA4 anti-Cas9 protein (18) under the control of a lactose-inducible
promoter (19). Anti-Cas proteins have been discovered recently in CRISPR-Cas antag-
onists that have evolved inhibitors of those bacterial defense mechanisms (20, 21). The
ability to regulate at a posttranslational level the action of Cas nucleases opens
applications for these proteins in CRISPR-based genetic tools, in particular, for organ-
isms with low transformation efficiencies (22). In this work, the use of AcrllA4 allowed
us to limit the undesired activity of the CRISPR-Cas system at the electroporation step,
resulting in an increased transformation efficiency of pGRNA plasmids.

This refined tool allowed us to investigate the role of the NADPH-dependent alcohol
dehydrogenase-encoding genes bdhA, bdhB, and bdhC in the industrially relevant C.
acetobutylicum DSM 792. Mutants were generated in which one, two, or all of the
corresponding genes were deleted and were further characterized in batch fermenta-
tion assays. Subsequently, mutants displaying stronger effects were complemented
with plasmids carrying each bdh copy to confirm the phenotypes obtained and
investigate the contribution of each gene to alcohol production.

RESULTS

Improvement of a CRISPR-Cas9 genetic tool. To determine the contribution of
BdhA, BdhB, and BdhC to butanol production in C. acetobutylicum DSM 792, we sought
to create mutant strains using our CRISPR-Cas9 genetic tool (16). First, we implemented
a protocol for the rapid replacement of the gRNA sequence in the targeting plasmids.
A cassette containing the aTc-inducible promoter Pcm-2tetO1 (17) and the gRNA
chimeric sequence (23), separated by a 38-nucleotide (nt) cassette containing two Bsal
sites, was cloned into pEC750C, yielding pGRNA,, 4. Upon restriction with Bsal, overhang
extremities were generated, allowing the insertion of two hybridized single-strand
oligonucleotides with extremities compatible with the linearized pGRNA,, 4 in order to
generate a new target-specific plasmid (Fig. 1A). This simple modification allowed us to
generate new pGRNA plasmids faster than through the cloning of a synthesized
complete gRNA expression cassette, as previously done in our laboratory (16). We used
this strategy to construct plasmids targeting bdhA, bdhB, and bdhC, designated pGRNA-
bdhA, pGRNA-bdhB and pGRNA-bdhC, respectively.

The next step consisted of cloning of splicing by overhang extension (SOE) PCR
products that can be used as an editing template for the reparation of the DSB created
through the action of the Cas9-gRNA complex (Fig. 1B). Editing templates were
constructed in order to delete most of the targeted genes so that only a few nucleo-
tides at the extremities of the coding sequence were still present, leading to the
synthesis of small peptides. These templates were cloned into the appropriate vectors,
yielding pGRNA-AbdhA, pGRNA-AbdhB and pGRNA-AbdhC. Since bdhA and bdhB are
located next to each other in the DSM 792 chromosome, one single editing template
was designed for the deletion of both genes at once and cloned into pGRNA-bdhB to
obtain pGRNA-AbdhA AbdhB.

Those plasmids were then introduced in C. acetobutylicum DSM 792 containing
pCas9;.4 (further referred to as DSM 792 [pCas9;.4l). Notably, most of the assays
performed to introduce plasmids pGRNA-AbdhB or pGRNA-AbdhA AbdhB into this
recombinant strain failed, as no transformants were obtained. We hypothesized that
this result might be due to a toxic leaky expression of both the cas9 gene and the gRNA,
despite their control by inducible promoters Pcm-tetO2/1 and Pcm-2tetO1, respec-
tively, which would prevent the generation of transformants. We therefore modified
the pCas9,,q plasmid by inserting the acrllA4 gene from Listeria monocytogenes under
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FIG 1 Easy reprogramming of the two-plasmid CRISPR-Cas9 genetic tool for multiple genome editing. (A) Retargeting of the pGRNA plasmid by
cloning two hybridized primers between the aTc-inducible promoter Pcm-2tetO1 and the gRNA scaffold. (B) Insertion of the editing template
within the pGRNA plasmid by restriction enzyme-based cloning. (C) Iterative genome modification. Step 1, the strain is transformed with pCas9,,
and transformants are selected on erythromycin-containing medium. Step 2, the resulting strain is transformed with a pGRNA editing plasmid,
and transformants are selected on medium containing erythromycin, thiamphenicol, and lactose to activate the transcription of acrllA4. Step 3,
expression of cas9 is triggered on medium containing erythromycin and thiamphenicol and devoid of lactose so that transcription of acrllA4 is
no longer induced. The medium contains aTc to trigger the transcription of cas9 to select mutants in which the editing event occurred. Step 4,
once aTc-resistant colonies have been confirmed, pGRNA is curated on medium containing erythromycin and no thiamphenicol, yielding cells
ready for a new round of modification. ori, replication origin for E. coli; pIP404 and repH, compatible replication origins for C. acetobutylicum; catP,
thiamphenicol-chloramphenicol resistance gene; ermB, erythromycin resistance gene; RS, restriction site; RE, restriction enzyme; DSB, double-
strand break; HR, homologous recombination.

the control of Pbgal and the associated transcriptional repressor-encoding gene bgaR
(19, 24), yielding pCas9,,. This modification was aimed at controlling the action of the
Cas9-gRNA complex during the transformation step by the addition of lactose to the
medium. Once transformants were obtained, the expression of the Cas9-gRNA complex
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FIG 2 Relative transformation efficiencies of pGRNA template plasmids in DSM 792 containing pCas9ind
or pCas9acr. Results shown are average values *+ standard deviations from at least four independent
replicates for each transformation. Absolute transformation efficiencies for pEC750C in DSM 792
(pCas9,,y) and DSM 792 (pCas9,.,) were 148 = 37 CFU ug~" and 121 = 92 CFU pg~', respectively.

was triggered with aTc on lactose-free medium. The procedure by which pCas9,., can
be used in combination with pGRNA plasmids to create multiple mutations in the
genome of DSM 792 is shown in Fig. 1C.

Transformation of pGRNA plasmids into DSM 792 (pCas9;,,4) and DSM 792 (pCas9,,)
was further assessed using lactose-supplemented plates for the selection of transfor-
mants. Transformation efficiencies are shown in Fig. 2. Although plasmids pGRNA-
AbdhA and pGRNA-AbdhC were introduced at similar rates in DSM 792 (pCas9,,,q4) or
DSM 792 (pCas9,.,), the generation of transformants containing pGRNA-AbdhB and
pPGRNA-AbdhA AbdhB was greatly improved when using a strain containing pCas9,.,
instead of pCas9,,4. Therefore, all further experiments were performed using DSM 792
(pCas9,,).

Bdh mutant construction. Once transformants containing pCas9,. and either
PGRNA-AbdhA, pGRNA-AbdhB, pGRNA-AbdhC, or pGRNA-AbdhA AbdhB were obtained,
expression of cas9 was induced as previously described (16). For each modification, at
least three aTc-resistant colonies obtained from independent transformants were
analyzed and confirmed by PCR, yielding the corresponding mutants that we stored for
further experiments. As for the early version of our tool (16), the editing efficiency for
every single modification was 100% (data not shown). To generate DSM 792 AbdhA
AbdhC, DSM 792 AbdhB AbdhC, and DSM 792 AbdhA AbdhB AbdhC, one DSM 792
AbdhC mutant was randomly chosen (i.e., the first mutant obtained), streaked on
yeast-tryptone-glucose (2YTG) plates devoid of thiamphenicol until pPGRNA-AbdhC was
cured, and further transformed with plasmids pGRNA-AbdhA, pGRNA-AbdhB, and
PGRNA-AbdhA AbdhB, respectively. Once transformants were obtained, expression of
cas9 was induced, and aTc-resistant colonies obtained from independent transformants
were analyzed by PCR, confirmed, and saved for further experiments. For each type of
deletion, six independent colonies were tested, and the editing efficiency for this new
round of modification was again 100% (data not shown). PCR analyses of bdhA-bdhB
and bdhC loci in each different mutant are shown in Fig. 3.

Phenotypic analysis. Those mutants were then characterized by batch fermenta-
tion performed in flasks on Gapes medium enriched in ammonium acetate. For each
type of mutation (i.e., deletion of one, two, or the three butanol dehydrogenase-
encoding genes), the three randomly chosen independent mutants selected were
assessed. Final fermentation products are shown in Table 1. After 72 h, the wild-type
strain yielded a classical ABE product pattern composed of 22 to 23 g/liter of solvents
and less than 5 g/liter of acids. No significant difference was observed for the single
deletion mutants compared to the wild-type strain or for the AbdhA AbdhC and AbdhB
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FIG 3 CRISPR-Cas9 strategy and PCR analyses of representative deletion mutants constructed in this study. (A and B) bdh loci from DSM 792. Genes are shown
in green, gRNA target sites are indicated in violet, and homology sequenced between gDNA and the editing templates is in blue. (A) bdhA-bdhB locus. (B) bdhC
locus. (C) Amplification of the bdhA-bdhB and bdhC loci. Amplification with primer pair P30-P31 yields a PCR product of 5,173, 4,027, 4,024, or 2,578 bp in
wild-type (WT), AbdhA, AbdhB, or AbdhA AbdhB strains, respectively. Amplification with primer pair P32-P33 yields a PCR product of 3,124 bp or 1,993 bp in WT
or AbdhC strains, respectively. Lane M, 2-log DNA ladder (0.1 to 10 kb; NEB); lane H,O, amplification on water.

AbdhC double mutants. On the contrary, final fermentation product concentrations
were strongly affected in AbdhA AbdhB and AbdhA AbdhB AbdhC mutants. Lower
solvent titers (7.4 and 4.2 g/liter, respectively) and higher acid concentrations (9.7 and
11.4 g/liter, respectively) were detected, resulting in lower final pH and consistent with
a so-called “acid crash” event. Both ethanol and butanol productions were strongly
decreased in those mutants, and final titers were lower than that of acetone, which
became the main fermentation product in terms of solvents.

Hypothesizing that the inability of the mutants to efficiently assimilate acids and
convert them into solvents led to an irreversible pH decrease, we performed pH-
controlled batch fermentations of the wild-type strain as well as AbdhA AbdhB and
AbdhA AbdhB AbdhC mutants in a bioreactor (Table 2). Although solvent production of
the mutants was slightly increased compared to that of flask fermentations, the final
solvent concentrations were still strongly reduced compared to those of the wild-type
strain. Unlike what was observed for flask fermentations, butanol was still the main
solvent detected at the end of the fermentation. Interestingly, the major difference
observed compared to flask fermentation was a stronger accumulation of lactate,
reaching up to 2 g/liter in the pH-controlled bioreactor instead of 0.2 g/liter in flask
assays.

TABLE 1 Fermentation products of the mutants analyzed in this study?

Product (g/liter)

Solvents Acids Glucose .
consumption
Strain or genotype Ethanol  Acetone Butanol Total Acetate  Butyrate Lactate Total (g/liter) Final pH
WT 1.3+01 90*05 124*14 228+20 26+01 24=*01 ND® 50+02 692*0.2 5.1+0.0
AbdhA 1.2+*01 91*04 116*04 220*01 24*01 23*01 ND 4.7 £0.0 69.4 0.2 52*00
AbdhB 09+00 92*02 121*06 222+06 22*+01 27*01 ND 49*02 71.0%24 53+0.0
AbdhC 1.3£02 93*03 128*10 234*14 26*+04 21x05 ND 47 £0.9 714 *£26 53*0.1
AbdhA AbdhB 05+00 38*06 32=*07 74*+14 45*04 50*02 02*01 97=*04 359*22 4.8 £0.0
AbdhA AbdhC 11202 95*05 133*£01 239*04 22*02 28*04 ND 5002 720*06 52 *+0.0
AbdhB AbdhC 1001 93*11 11.6*07 219*16 20*x02 29*+05 ND 49+*0.2 735*18 53*00
AbdhA AbdhB AbdhC 04 +0.0 25%+02 13*02 42*03 53+03 59*+02 02*01 114*05 267*18 47 £0.0

9Results shown are average values * standard deviations from at least three independent technical replicates. For mutant assays, values are from biological replicates.

bND, not detected.
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TABLE 2 Fermentation products in pH-controlled bioreactors

Product (g/liter)

Solvents Acids Glucose .
consumption
Strain or genotype Ethanol Acetone Butanol Total Acetate Butyrate Lactate Total (g/liter)
WT 1.4 8.0 15.7 25.2 20 1.8 NDe 3.8 725
AbdhA AbdhB 0.3 3.1 5.0 8.4 43 43 1.8 104 419
AbdhA AbdhB AbdhC 0.2 1.9 2.8 49 49 49 2.0 11.8 36.8
aND, not detected.
Complementation assays. To confirm that the deletion of bdh genes was respon-
sible for the phenotypes observed, we complemented AbdhA AbdhB and AbdhA AbdhB
AbdhC mutants with plasmids allowing the expression of each gene separately under
the control of its native promoter. As a control, the wild-type strain was also trans-
formed with those plasmids. For each complementation (i.e., each plasmid introduced
in each strain), three randomly chosen transformants were analyzed through batch
fermentation assays performed in flasks as performed previously, and final fermenta-
tion products are presented in Table 3. In the wild-type strain, overexpression of each
gene had no significant effect compared to that in the presence of the empty control
vector. However, the AbdhA AbdhB and AbdhA AbdhB AbdhC mutants assessed were
successfully complemented with any of the bdh copies, without a significant difference
in terms of the product pattern of selectivity. The two mutants assessed still underwent
acid crash when transformed with an empty vector. Interestingly, even the phenotype
of the AbdhA AbdhB mutant was reversed by the overexpression of bdhC, which led to
fermentation performances in the range of those of the wild-type strain.
DISCUSSION
Although studied for more than one century, the ABE metabolism of C. acetobuty-
licum is still only partially understood. At the molecular level, the role of the main
solventogenic actors, the alcohol dehydrogenase genes, has only been investigated
using single-gene deletion approaches due to a lack of efficient genome-editing tools.
To overcome this issue, several dedicated tools have been developed in recent years,
including those based on CRISPR-Cas approaches which proved their efficiency in other
organisms. Although powerful, CRISPR-Cas-based genetic tools also have drawbacks. In
Clostridium, the main one is the toxicity of the system, which makes it difficult to use
because of the low transformation and HR frequencies observed in these bacteria. In
some cases, Cas9n has been used instead of Cas9 because the toxicity of the latter is
TABLE 3 Complementation assays®
Products (g/liter)
Solvents Acids Glucose .
consumption
Strain or geneotype Plasmid Ethanol Acetone Butanol Total Acetate Butyrate Lactate Total (g/liter) Final pH
WT pFWO1 1.8+0.1 89+04 133*0.7 240*+1.1 22+02 25*+0.1 ND® 47 *+02 640=*13 53 *=0.1
pFWO01-bdhA 2.2 +0.1 99*+02 11.9*06 240+09 1.7+03 14+04 ND 32*07 648=*15 53*0.1
pFWO01-bdhB 1.6 =03 84 1.1 121*+13 221+26 23*+0.3 2702 ND 50+05 615*25 5.1*=00
pFWO01-bdhC 1.8 +04 9.6 0.5 134=*+0.7 248+ 15 24+0.1 23+0.1 ND 47 0.2 642=*06 52*00
AbdhA AbdhB pFWO1 07*00 26*0.7 27*08 6.1*15 54*+04 41%£06 06*+0.1 10.1£1.0 214*=34 4.7 = 0.1
pFWO01-bdhA 2.0 +=0.1 106 *1.1 13.7*+0.8 263+09 1.7*+05 1.3*+0.1 ND 30+05 709=*22 5.5*+0.1
pFWO01-bdhB 1.8 0.1 8805 13.6*+0.1 242+03 21*+04 1.6*=0.5 ND 3.7*09 68.7=*06 54=*03
pFWO01-bdhC 1.4 +0.1 10204 13.2*+0.7 248*+12 1.9+0.1 25+0.1 ND 44+02 677*10 54*00
AbdhA AbdhB AbdhC pFWO1 05*01 23*x03 21*03 49*06 57*05 46=*04 06*+0.1 109*1.0 188=*34 4.6 + 0.0
pFWO01-bdhA 14 *+0.1 96*+03 132*03 242*+06 1.9+0.0 1.8*+0.1 ND 37+02 686 = 1.1 54+ 0.1
pFWO01-bdhB 1.7 =02 87 =08 138*+0.7 242+17 19+0.0 1.7*=0.1 ND 3.6 0.1 686=*12 55=*0.1
pFWO01-bdhC 1.2 +03 10408 123*0.5 23.9+0.7 1.8+x04 21 *+1.1 ND 39+x15 674*04 54 +0.1

9Results shown are average values * standard deviations from at least three independent biological replicates.
bND, not detected.
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too high, even when placing the corresponding gene under the control of an inducible
promoter (9, 15). However, the use of nickases can be laborious for the very same
reason, i.e., because of a lowered toxicity that does not allow the elimination of all
unmodified cells. In other words, introduction of the CRISPR-Cas machinery is facilitated
when Cas9n is employed, but mutant selection is more efficient with the use of a native
Cas9.

In this study, we intended to use a two-plasmid CRISPR-Cas tool recently developed
to inactivate bdhA, bdhB, and bdhC, the three genes identified in the genome of C.
acetobutylicum DSM 792 that code for NADPH-dependent alcohol dehydrogenases. We
first failed in trying to generate DSM 792 AbdhB and DSM 792 AbdhA AbdhB mutants
because we did not manage to obtain transformants containing both pCas9,,, and the
corresponding pGRNA plasmids. Although it cannot be ruled out that the transforma-
tion efficiency of pGRNA plasmids is affected by the editing template, we believe that
it is most likely linked to the gRNA strength. In the example reported in this study, only
one assay allowed us to obtain three transformants of DSM 792 (pCas9;,4) containing
pPGRNA-AbdhB, after dozens of attempts. Similarly, no transformant was ever obtained
when introducing pGRNA-AbdhA AbdhB in DSM 792 (pCas9;,.4). Obviously, an alterna-
tive to circumvent this problem would have been to change the gRNA sequence
targeting bdhB, especially since we facilitated the retargeting of pGRNA plasmids
compared to that with the early version of the tool (Fig. 1A). However, we also faced
this toxicity problem with a few other targeting plasmids in our laboratory (data not
reported), and we therefore wanted to modify our tool so that it would be possible to
generate transformants with any pGRNA plasmid used. Therefore, we added extra
control of the Cas9-gRNA complex nuclease activity through the use of a recently
described anti-CRISPR protein (18). Interestingly, the transformation efficiency of
pGRNA-AbdhA and pGRNA-AbdhC was not improved, suggesting that placing cas9
under the control of an inducible promoter was sufficient when using those gRNA
sequences. However, transformation efficiencies with pGRNA-AbdhB and pGRNA-
AbdhA AbdhB were greatly increased when DSM 792 (pCas9,.,) was used, demonstrat-
ing that we effectively improved our tool. To the best of our knowledge, the use of
anti-CRISPR proteins to realize CRISPR-based genome editing has been documented
only in human cells (25) and in the archaeon Sulfolobus islandicus (26). Combining two
antagonist activities controlled by inducible promoters, we constructed a fast, reliable,
and efficient genome-editing tool. Although only deletions were performed in this
study, the CRISPR/anti-CRISPR strategy can also be employed to perform insertion and
single nucleotide modification as shown with the first version of the tool (16), without
the presence of any unwanted scar or antibiotic resistance marker in the genome, and
can therefore be used to perform several rounds of modification.

Two studies previously analyzed the role of the genes investigated in this study
through the construction of single-gene deletion mutants obtained with ClosTron (5),
yielding slightly different outcomes (3, 4). In the first of these studies (3), bdhA and bdhB
were successfully inactivated but the corresponding strains Cac-bdhA459s:CT and
Cac-bdhB475a::CT were not significantly different from the wild-type strain, in accor-
dance with our results. The deletion of bdhC was not investigated in this work (3). In a
more recent study (4), BdhB was shown to be relevant for alcohol production, since the
corresponding mutant had lower titers of butanol and ethanol. Moreover, BdhC (re-
ferred to as YghD) was shown to be involved in ethanol production following the
observation that a AyghD mutant had a lower final ethanol titer but was not affected
in terms of butanol production (4). Those results contrast with ours, since we did not
observe any significant effect of either bdhB or bdhC deletion on ethanol and butanol
production. Similarly, the deletion of bdhA had no significant effect, as reported in both
previous studies (3, 4).

Despite the fact that the ClosTron has revolutionized the genetics of Clostridium by
allowing fast inactivation of genes in bacteria which were difficult to modify, it suffers
from some limitations. First, it has been shown that the disruption of a gene rather than
its clean deletion can trigger polar effects, which could explain the differences observed
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between those two studies concerning the importance of BdhB. Moreover, another
limitation of the ClosTron is that the inactivation of a gene requires its disruption with
an intron that contains an antibiotic resistance marker, which therefore limits the
number of modifications than can be performed in the recombinant strain. For this last
reason, the two studies cited above (3, 4) focused on the creation of single-gene
deletion strains. Using our improved CRISPR-Cas9 genetic tool, single, double, and triple
marker-free insertion-free mutants in which targeted genes were cleanly deleted were
obtained. The high editing efficiency of the tool allowed us to generate numerous
independent mutants, providing a higher confidence in the fermentation results ob-
tained.

Results obtained in this study suggest that none of the bdh genes are essential for
solvent production. Indeed, every single deletion mutant retained the ability to effi-
ciently produce solvents under the conditions tested, without clear differences in the
final product patterns. Therefore, it can be hypothesized that the two remaining bdh
copies allow the synthesis of a sufficient Bdh pool in the cell for the efficient production
of solvents. This result is in accordance with most of the conclusions drawn from
previous studies, although the lower ethanol production in the AbdhC mutant and the
diminished production of both ethanol and butanol in the AbdhB mutant were not
observed, unlike what was shown in one of those studies (4). Interestingly, we observed
that the deletion of several bdh copies had strong effects on the solvent production
capacities of C. acetobutylicum. In particular, bdhA and bdhB apparently have a greater
role in solventogenesis than bdhC, since AbdhA AbdhB is the only double mutant with
a significantly affected fermentation product pattern compared to that of the wild-type
strain.

These results are in accordance with a recent study in which transcriptomic and
proteomic data were obtained from phosphate-limited chemostat cultures of C. ace-
tobutylicum maintained in different metabolic states (2). Interestingly, the data col-
lected indicate that all three genes are expressed throughout fermentation, unlike
genes from the sol operon that are mainly expressed during solventogenesis. Tran-
scription of bdhA does not vary between acidogenic and solventogenic phases, unlike
the transcription of bdhC, which slightly increases, and transcription of bdhB, which is
73% higher. During solventogenesis, transcripts of bdhA, bdhB, and bdhC represent
17%, 59%, and 24% of the bdh mRNA pool, respectively. Protein quantification indicates
that BdhB represents 62% of the Bdh pool in acidogenesis, followed by BdhA (27%) and
BdhC (11%). Increased transcription of bdhB in solventogenesis results in an increase of
BdhB in the pool of Bdh enzymes (83%) compared to BdhA (11%) and BdhC (6%).
Activities of the purified enzymes were also reported in the same publication and show
comparable butanol dehydrogenase activities for all enzymes (2).

Taken together, these data suggest that BdhB is the main butanol dehydrogenase.
A smaller quantity of enzymes is transcribed from the bdhA gene, although it represents
one quarter of the Bdh enzyme pool during acetogenesis. Our results are in accordance
with those data, since the fact that a AbdhA AbdhB mutant cannot perform an efficient
solventogenesis while other double mutants can indicates that BdhA and BdhB have a
more important role than BdhC. Interestingly, a AbdhB mutant is still capable of
performing efficient fermentation, suggesting that the two remaining genes can com-
pensate the loss of this copy, providing an explanation why so many copies of the same
gene can be found in the genome. As intuited, the AbdhA AbdhB AbdhC triple mutant
was even more heavily affected than the AbdhA AbdhB mutant, although neither
butanol nor ethanol production was abolished, suggesting that other enzymes are still
capable of compensating for the lower alcohol dehydrogenase activity in the mutant,
most likely AdhE2 and/or the products of CA_C3375 and CA_P0059.

Notably, fermentations performed in pH-controlled bioreactors did not prevent acid
accumulation, showing the mutant’s incapacity to reduce acids. Instead, the triple
mutant produced a significant amount of lactate under these conditions, most likely to
regenerate its NAD(P)* pool, which was no longer produced by Bdh enzymes. Inter-
estingly, although final solvent titers were lower than for the wild-type strain, a classical
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ratio of ethanol-acetone-butanol was obtained, unlike what was observed in flask
fermentation assays.

Complementation assays showed that any bdh copy is capable of reverting the acid
crash phenotype of AbdhA AbdhB and AbdhA AbdhB AbdhC mutants in non-pH-
controlled flask fermentations. Although those genes have been introduced in the cells
under the control of their native promoter, the plasmid copy number most probably
allows their overexpression. In fact, previous complementation assays performed with
the same plasmid in Clostridium beijerinckii DSM 6423 resulted in an 80- to 90-fold
overexpression compared to expression from the gene located on the chromosome of
the bacterium (27). Interestingly, while a chromosomal bdhC is not sufficient to prevent
acid crash, its overexpression in AbdhA AbdhB and AbdhA AbdhB AbdhC mutants results
in efficient fermentation and highlights the crucial influence of the expression level of
a particular gene for the whole metabolism of the microorganism. It is also interesting
to point out that expression of either bdhA, bdhB, or bdhC in the AbdhA AbdhB AbdhC
mutant had no strong impact on the ethanol/butanol ratio, suggesting that the
corresponding enzymes are all capable of efficiently reducing acetaldehyde in ethanol
and butyraldehyde in butanol. A better strategy to optimize the ethanol/butanol ratio
could be to modify the selectivity of AdhE1 and AdhE2 for acetaldehyde and butyral-
dehyde, as recently attempted (28).

In summary, the improvement of our CRISPR-Cas9 genetic tool dedicated to C.
acetobutylicum through the control of the Cas9/gRNA activity using the anti-CRISPR
protein AcrllA4 will allow us to step up the construction of clean mutants in order to
enhance our understanding of the molecular physiology of this industrially relevant
microorganism and other microorganisms belonging to the Clostridium genus. As an
example, it allowed us to investigate the importance of the main butanol dehydroge-
nases of C. acetobutylicum DSM 792. In fact, while previous studies only focused on
single gene deletions that did not allow the respective authors to figure out the major
role of these enzymes, our tool allowed us to construct multiple deletion mutants and
to highlight the major role of BdhA and BdhB in solvent production as well as the
capacity of BdhC to compensate for the absence of the other Bdhs in a triple mutant
strain. The results obtained indicate that efficient alcohol production in C. acetobuty-
licum DSM 792 requires a pool of enzymes with butanol dehydrogenase activity, which
can be synthesized from any of the three genes investigated in this study. Butanol
dehydrogenase activity is still observed in the triple deletion mutant, suggesting that
the products of other genes not investigated in this study, most probably AdhE2,
CA_C3375, and CA_P0059, are also part of this pool, although not in quantities
sufficient to avoid an acid crash. This observation might explain why solventogenic
strains carry so many alcohol dehydrogenase-encoding genes on their chromosome. In
conclusion, efficient metabolic engineering in Clostridium in order to modify the
fermentation product pattern requires editing of numerous genes that can be achieved
with iterative and precise genetic tools, such as the one described in this study.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Relevant characteristics of the bacterial strains
and plasmids used in this study are listed in Table 4. C. acetobutylicum was grown anaerobically at 34°C
in liquid 2YTG medium (16 g liter— tryptone, 10 g liter— yeast extract, 4 g liter—" NaCl, and 5 g liter—’
glucose) or on solid 2YTG with 1.5% agar, supplemented with 40 ug ml~" erythromycin and/or 15 ug
ml~" thiamphenicol, if necessary. Escherichia coli was grown aerobically at 37°C and 200 rpm in liquid LB
medium or solid LB with 1.5% agar supplemented with erythromycin (500 g ml~" for solid medium and
100 wg ml~" for liquid medium), chloramphenicol (25 ug ml~" for solid medium and 12.5 ug ml—" for
liquid medium), or tetracycline (20 ug ml=") if necessary.

DNA manipulation and plasmid construction. All enzymes used for DNA modification were
purchased from New England BioLabs (NEB). The Q5 high-fidelity polymerase (NEB) was used for all PCR
amplifications, except for colony PCRs, which were performed using OneTag DNA polymerase (NEB).
Genomic DNA (gDNA) was extracted from C. acetobutylicum using the ChargeSwitch gDNA Mini bacteria
kit (Thermo Fisher Scientific). Plasmids and PCR product purification kits were purchased from Qiagen. All
primers used in this study are listed in Table 5.

A fragment containing bgaR and a codon-optimized acrllA4 gene from L. monocytogenes under the
control of Pbgal was synthesized and cloned into the pEX-K4 vector (Eurofins Genomics). The whole
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TABLE 4 Bacterial strains and plasmids used in this study

Applied and Environmental Microbiology

Bacterial strain or plasmid

Relevant characteristics

Source or reference

Strains
C. acetobutylicum DSM 792
E. coli NEB 10-beta

Plasmids
pAN2
pFWO01
pcasgind
pcasgacr
pEC750C
PGRNA, 4
pPGRNA-bdhA
pGRNA-AbdhA
pGRNA-bdhB
pGRNA-AbdhB
pGRNA-AbdhA AbdhB
PGRNA-bdhC
PGRNA-AbdhC
pFWO01-bdhA
pFWO01-bdhB
pFWO01-bdhC

Wild type
Cloning strain

tetA, ®3T | gene, p15A origin

ermB, ColE1 origin, pCB102 origin

ermB, ColE1 origin, pCB102 origin, cas9 (Pcm-tetO2/1 promoter), tetR
pCas9,,4 derivative with acrllA4 (Pbgal promoter) and bgaR insertions
catP, ColE1 origin, plP404 origin

pEC750C derivative with gRNA expression cassette (Pcm-2tetO1 promoter) insertion
PGRNA, .4 derivative targeting bdhA

PGRNA-bdhA derivative with AbdhA editing template insertion
PGRNA, .4 derivative targeting bdhB

PGRNA-bdhB derivative with AbdhB editing template insertion
PGRNA-bdhB derivative with AbdhA AbdhB editing template insertion
PGRNA, .4 derivative targeting bdhC

PGRNA-bdhC derivative with AbdhC editing template insertion
PFWO1 derivative with bdhA insertion

pFWO1 derivative with bdhB insertion

pFWO01 derivative with bdhC insertion

DSMZ
NEB

5,30

16

16

This study
16

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

cassette was amplified with primers P01 and P02, digested with Sacl, and cloned into pCas9,.q4 linearized

with the same restriction enzyme, yielding pCas9

A fragment containing the Pcm-2tetO1 promoter

acr*

fused with the chimeric gRNA sequence, separated by a 38-nt spacer containing two Bsal restriction sites,
was synthesized and cloned into the pEX-K4 vector (Eurofins Genomics). This cassette was amplified with
primers P01 and P02, digested with Sacl, and cloned into pEC750C, yielding pGRNA,,.4. Sequences of the
synthesized fragments are listed in the supplemental material.

TABLE 5 Oligonucleotides used in this study

Oligonucleotide

Sequence (5'—3’)

P1
P2

P3

P4

P5

P6

P7

P8

P9

P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
P31
P32
P33

CAGATTGTACTGAGAGTGCACC
GTGAGCGGATAACAATTTCACAC
TCATGCACTTAACTCGTGTTCCAT
AAACATGGAACACGAGTTAAGTGC
TCATGCTTATTACGACATAACACA
AAACTGTGTTATGTCGTAATAAGC
TCATGCTCTTGTATCATAGTCCGT
AAACACGGACTATGATACAAGAGC
AAAAAAGGATCCTTAGGAGCCATATCTGGATG
TATGCTAAGTTTTAAATCTTATTAATAGAAACTGTAGAGG
TTAATAAGATTTAAAACTTAGCATACTTCTTACC
AAAAAAGTCGACCTTCTAATCTCCTCTACTATTTTAG
ATGCATGGATCCAAACGAACCCAAAAAGAAAGTTTC
GGTTGATTTCAAATCTGTGTAAACCTACCG
ACACAGATTTGAAATCAACCACTTTAACCC
ATGCATGTCGACTCTTAAGAACATGTATAAAGTATGG
GCTAAGTTTTAAATCTGTGTAAACCTACCG
ACACAGATTTAAAACTTAGCATACTTCTTACC
ATGCATGTCGACCTTCTAATCTCCTCTACTATTTTAG
AAAAAACTCGAGCTATAAATAATATTACCCCCATAACTG
ATAATTTTGATGAGGGTGCAATGTAAGTTTG
TTGCACCCTCATCAAAATTATACATAAGATTATCCC
AAAAAATCTAGAGCAAAGGAATTAGTAGAAATTAC
AAAAAACTCGAGTTTAACCCCTCCTGTTTAGATTAT
AAAAAAGTCGACCGAAAAATTCACCCCCTCAA
AAAAAACTCGAGAAAATACTCCCCAAGATATTAATGCT
AAAAAAGTCGACTAGAAACTGTAGAGGTATTTTTATAATTTAAAAG
AAAAAACTCGAGTTTCTCCACCTTTAATACTAAAATATTTTTCA
AAAAAAGTCGACAAAAATACCCCACTATTCTAATTTTATTCA
AGTACCTCCTAAGCCTTTTTATGA
TATGGATTGCCCTACAGCCC
CCACTGCCACCATTTTCTAGC
CAAGGACAGATAGGTGGGGC
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The gRNA target sites were chosen using Geneious R10.2 (Biomatters, Ltd., Aukland, New Zealand),
which provides for each CRISPR-Cas9 potential target site activity scores (on-target activity, ranging from
0 to 1) predicted with an algorithm (29), and specificity scoring, i.e., the probability that the gRNA will
not target another location in the genome (off-target activity, ranging from 0% to 100%, with a higher
score meaning better specificity and less off-target activity). Target sites were chosen so that the
on-target score was superior to 0.2 and the off-target score was superior to 98% when up to five
mismatches, including one insertion or deletion, were allowed to detect off-targets. The pGRNA-bdhA,
PGRNA-bdhB, and pGRNA-bdhC plasmids were constructed by ligating the hybridization product of 5’
P-modified oligonucleotide couples P3/P4, P5/P6, and P7/P8, respectively, into the dephosphorylated
Bsal-digested pGRNA, . Briefly, hybridization was performed in a thermocycler according to the follow-
ing protocol: 500 nmol of each primer was mixed in a 10-ul reaction mixture containing 1 mM Tris-HCI,
denatured at 95°C during 30 s, and further hybridized lowering the temperature 1°C every 5 s 70 times.

The pGRNA-AbdhA plasmid was constructed by cloning the amplicon, obtained using a splicing by
overhang extension (SOE) PCR with primer pairs P9/P10 and P11/P12 with DSM 792 gDNA, into
PGRNA-bdhA digested with BamHI and Sall. The pGRNA-AbdhB plasmid was constructed by cloning the
SOE PCR product obtained using primer pairs P13/P14 and P15/P16 with DSM 792 gDNA into pGRNA-
bdhB digested with BamHI and Sall. Similarly, the pGRNA-AbdhA AbdhB plasmid was constructed by
cloning the SOE PCR product obtained using primer pairs P13/P17 and P18/P19 with DSM 792 gDNA into
the same BamHI-Sall doubly digested pGRNA-bdhB. The pGRNA-AbdhC plasmid was constructed by
cloning the SOE PCR product obtained using primer pairs P20/P21 and P22/P23 with DSM 792 gDNA into
PGRNA-bdhC digested with Xhol and Xbal.

For complementation assays, plasmids pFWO01-bdhA, pFWO01-bdhB, and pFWO01-bdhC were con-
structed by cloning the PCR products obtained with primer pairs P24/P25, P26/P27, and P28/P29,
respectively, into pFWO01 using Xhol and Sall restriction enzymes.

Transformation, induction of cas9 expression, and mutant confirmation. Plasmids were trans-
formed into chemically competent NEB 10-beta competent E. coli cells containing pAN2 (5) for DNA
methylation. The vectors were then isolated, and 1 ug was used for electroporation of C. acetobutylicum
DSM 792 as previously described (30). Cells of DSM 792 containing either pCas9,.q or pCas9,. were
further transformed with pEC750C and derivative plasmids (i.e., plasmids containing a gRNA expression
cassette with or without editing template) and selected on 2YTG solid medium supplemented with
erythromycin, thiamphenicol, and 40 mM lactose. Expression of cas9 was induced in transformants by
exposure to aTc as described previously (16), except that the inducer concentration was 1 ug ml=".
Mutants were confirmed by amplification of the bdhA-bdhB and bdhC loci performed on gDNA using
primer pairs P30/P31 and P32/P33, respectively.

Fermentation assays. Flask batch fermentations were performed in modified Gapes medium (31)
containing 2.5 g liter—" yeast extract, 1 g liter—' KH,PO,, 0.6 g liter—' K,HPO,, 1 g liter—' MgSO,-7H,0,
6.6 mg liter—' FeSO,-7H,0, 0.1 g liter~' 4-aminobenzoic acid, 5.8 g liter—' CH;COONH,, and 80 g liter’
glucose. Erythromycin (40 ng ml=7") was used for complementation assays. Fresh colonies were used to
inoculate 5 ml Gapes medium. After 72 h of growth in an anaerobic chamber at 34°C without agitation,
1 ml of these precultures was inoculated into 100-ml flasks containing 19 ml of the same liquid medium.
The flasks were sealed with rubber stoppers, and a pressure relief valve system was punctured through
the rubber stoppers to prevent overpressure. Flasks were further incubated outside the anaerobic
chamber for 72 h at 34°C with agitation at 120 rpm.

For bioreactor batch fermentations, fresh colonies were used to inoculate 5ml modified Gapes
medium (31). After 72 h of growth in an anaerobic chamber at 34°C without agitation, 1 ml of these
precultures was inoculated into a 100-ml Erlenmeyer flask containing 40 ml of the same liquid medium
and incubated for another 24 h in the anaerobic chamber. This second preculture was then used to
inoculate a Biostat Q bioreactor (Sartorius) containing 360 ml of the same medium. Throughout the
fermentation, the pH was controlled so as not to decrease below 5.0 by the addition of 5 M KOH.

The fermentation samples were centrifuged at 5,000 X g for 5 min, and the supernatant was diluted
with an internal standard (0.5 g liter—" propanol). The concentrations of the solvents produced were
determined by gas chromatography on a PoraBOND-Q column (25-m length, 0.32-mm internal diameter,
0.5-um film thickness; Agilent Technologies) equipped with a flame ionization detector. Helium was used
as carrier gas at a flow rate of 1.6 ml min—". The column was gradually heated from 50°C to 250°C in a
30-min run.

Acid concentrations were quantified by high-performance liquid chromatography (HPLC) (Aminex
HPX-87H from Bio-Rad coupled to a Spectra System RI 150 refractometer and a Waters 2487 dual A UV
detector set at 210 nm); 0.01 M sulfuric acid mobile phase was used at a flow rate of 0.6 ml min—'. The
column temperature was set to 60°C.

Residual sugar quantities were determined by HPLC using an Aminex HXP-87P (Bio-Rad) coupled to
a Varian 350 RI refractometer for detection. Water was used as a mobile phase at a flow rate of
0.4 ml/min.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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