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Abstract:

Shigella is a Gram-negative bacterium that invades the human gut epithelium. The resulting
infection, shigellosis, is the deadliest bacterial diarrheal disease. Much of the information
about the genes dictating the pathophysiology of Shigella, both on the chromosome and the
virulence plasmid, was obtained by classical reverse genetics. However, technical limitations
of the prevalent mutagenesis techniques restrict the generation of mutants in a single reaction
to a small number, preventing large scale targeted mutagenesis of Shigella and the subsequent
assessment of phenotype. We adopted a CRISPR-Cas dependent approach, where a nickase
Cas9 and cytidine deaminase fusion is guided by sgRNA to introduce targeted CT
transitions, resulting in internal STOP codons and premature termination of translation. In
proof-of-principle experiments using an mCherry fluorescent reporter, we were able to
generate loss-of-function mutants in both E. coli and Shigella with up to 100% efficacy.
Using a modified fluctuation assay, we determined that under optimized conditions, the
frequency of untargeted mutations introduced by the Cas9-deaminase fusion is in the same
range as spontaneous mutations, making our method a safe choice for bacterial mutagenesis.
Further, we programmed the method to mutate well-characterized chromosomal and plasmidborne Shigella genes and found the mutant phenotype to be similar to that of the reported
gene deletion mutants, with no apparent polar effects at the phenotype level. This method can
be used in a 96-well plate format to increase the throughput and generate an array of targeted
loss-of-function mutants in a few days.
Importance:
Loss-of-function mutagenesis is critical in understanding the physiological role of genes.
Therefore, high-throughput techniques to generate such mutants are important for facilitating
the assessment of gene function at a pace that matches system biology approaches. However,
to our knowledge, no such method was available for generating an array of single gene

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.04.482438; this version posted October 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

mutants in an important enteropathogen – Shigella. This pathogen causes high morbidity and
mortality in children and antibiotic resistant strains are quickly emerging. Therefore,
determination of the function of unknown Shigella genes is of utmost importance to develop
effective strategies to control infections. Our present work will bridge this gap by providing a
rapid method for generating loss-of-function mutants. The highly effective and specific
method has the potential to be programmed to generated multiple mutants in a single,
massively parallel, reaction. By the virtue of plasmid compatibility, this method can be
extended to other members of Enterobacteriaceae.
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22

Introduction

23

Shigella is a Gram-negative bacterium that belongs to the Enterobacteriaceae family. Shigella

24

flexneri is the most prevalent species resulting in the disease – shigellosis or bacillary

25

dysentery (1). Shigellosis is mostly a self-limiting disease in healthy adults but poses a major

26

threat to children, elderly and the immunocompromised (2). With an annual death toll of

27

212,000, of which 63,713 are children below the age of 5, shigellosis is the deadliest bacterial

28

diarrheal disease (3). Very low infection doses (10-100 bacteria), easy person-to-person

29

spread and the acute inflammatory response are responsible for such high rates of incidence

30

and mortality, especially in low- and medium-income countries (4). Being an invasive enteric

31

pathogen, Shigella gains access to the intestinal epithelial cells by attaching and inducing its

32

own uptake. Once inside the cells, it lyses the vacuole, replicates, and by using actin-based

33

motility, disseminates to neighboring cells (reviewed in (5)). Virulence of Shigella requires a

34

virulence plasmid-encoded type III secretion system (T3SS) which injects proteins into the

35

host cell aiding the bacterium in establishment of infection through invasion, subversion of

36

host defenses, and dissemination (reviewed in (6)).

37

We recently resequenced the genome of S. flexneri serotype 5a M90T, a widely used lab

38

reference strain, and mapped global transcription start sites (7). Unsurprisingly, many

39

transcription start sites led to identification of genes that await functional characterization to

40

reveal new and interesting information about Shigella physiology. Loss-of-function

41

mutagenesis, and subsequent assessment of phenotype, is a common and perhaps the most

42

convenient way to determine the function of unknown genes. The classic allele replacement

43

technique, first described decades ago by Datsenko et al. (8), is still the method of choice for

44

targeted mutations in Shigella (9–11), but it has some limitations. Since the success of this

45

technique is directly dependent on transformation of a linear DNA construct, the requirement

46

of a large amount of DNA and electroporation limit its throughput. The two-step process,
2
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47

allele replacement and subsequent removal, leaves a scar sequence which, if not optimized

48

for being in-frame, results in polar effects that affect phenotype assessment (12). Although

49

PCR-mediated construction of a linear DNA construct is easy, it requires expensive long

50

primers and electroporation which adds to the final cost and acts as a technical bottleneck to

51

increasing the throughput of mutagenesis.

52

CRISPR-Cas, a bacterial defense system against phages, has gained much attention for its use

53

in genetic modifications (13). The Streptococcus pyogenes Cas9, the most commonly used

54

protein for genome engineering, can be directed using guide RNA (gRNA) to introduce

55

double-stranded (ds) DNA breaks (14). In eukaryotes, this is subsequently followed by DNA

56

repair, resulting in generation of mutants, but in prokaryotes, a dsDNA break is lethal (15).

57

Therefore, CRISPR-Cas based mutagenesis became the method of choice for targeted

58

mutations in the eukaryotes, but its usage in prokaryotes was initially restricted to increasing

59

the overall efficiency of allele replacement by positive selection (16, 17). However, later

60

modifications resulted in the advent of base editors or catalytically impaired Cas9 proteins

61

fused to deaminases, resulting in base substitution and, eventually, loss-of-function mutations

62

(18, 19). These methods avoid dsDNA breaks and result in markerless mutations. Moreover,

63

the requirement of plasmid borne sgRNA and effector proteins (Cas9 variants) eliminates the

64

need of electroporation, thereby increasing the efficacy of the process, making it possible to

65

multiplex or generate massively parallel mutations (20–22).

66

Here, we describe a CRISPR-Cas mediated base editing method, using an established

67

cytidine base editor (20, 22) that can be programmed to generate loss-of-function mutations

68

in S. flexneri. By mutating well-characterized S. flexneri genes of known phenotype/function,

69

encoded on both the virulence plasmid and the chromosome, we show that the one-step

70

method is easy, fast, and highly effective in inactivating genes. Utilizing this method,

71

multiple genes in S. flexneri can be mutated in parallel, showing its great potential for high3
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72

throughput mutagenesis.

73

Results

74

Construction of a two plasmid-based system for expression of sgRNA and nCas9-AID

75

As an effector protein, we selected a fusion of catalytically inactive Cas9 – nickase Cas9

76

(nCas9D10A) and an ortholog of activation-induced cytidine deaminase (AID), previously

77

described as an effective base editor in the Gram-positive industrial bacterium

78

Corynebacterium glutamicum (22). The fusion protein is guided to the target gene by sgRNA

79

(single guide RNA – 20 nt target-specific ‘spacer’ fused to a gRNA scaffold) where, within a

80

window of -20 to -16 from the protospacer adjacent motif (PAM), the AID deaminates

81

cytosine (C) to Uracil (U) and the nCas9 nicks the unmodified strand, resulting in its

82

replacement and CT (GA on opposite strand) transition (Fig. 1A). This leads to

83

conversion of internal CAG, CGA, and CAA codons on the coding strand or CCA on the non-

84

coding strand into TAG, TGA, and TAA (STOP codons), premature termination of

85

translation, and loss-of-function mutation.

86

We generated a medium-copy plasmid based on pSU19 (23), pnCas9-AID, to express nCas9-

87

AID (Fig. 1B). The SacB encoding gene was cloned to facilitate curing of this plasmid (24).

88

To express the sgRNA, we constructed a high-copy plasmid, pgRNA_AT, that uses a

89

synthetic J23119 promoter. The tac promoter, used to drive the expression of nCas9-AID, is

90

already known to function in Shigella (25). However, to determine J23119 activity in

91

Shigella, superfolder GFP (sfGFP) with a synthetic ribosome binding site was cloned in

92

pgRNA_AT (pgRNA-(R)-sfGFP) and transformed into S. flexneri (Supplementary Fig. S1).

93

Expression of sfGFP, visualized by green fluorescence, showed constitutive activity of the

94

J23119 promoter in S. flexneri.

95

To program a desired mutation, we used an online program – CRISPR-CBEI (26). It

96

determines mutable sites and lists spacers required for the desired mutation in a target gene
4
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97

(Fig. 1C). We synthesized spacers as oligos with overhangs complementary to the ends of

98

BsaI digested pgRNA_AT to ensure directional cloning (Fig. 1D). The oligos were hybridized

99

and phosphorylated prior to ligation and transformed in E. coli DH5α. All the transformants

100

obtained carried the required recombinant plasmid as the cells transformed with non-

101

recombinant plasmid are killed (22, 27).

102

Base editing effectively inactivates chromosomal genes in E. coli and S. flexneri

103

With optimal tools in hand, we tested our method by mutating a gene with an easy-to-read

104

phenotype in S. flexneri and E. coli as a benchmark. We generated attTn7::mCherry insertion

105

in E. coli MG1655 (E. coli∷mCherry) and S. flexneri M90T 5a (S. flexneri::mCherry) using

106

Tn7 transposition. We generated pgRNA_m2, pgRNA_m3, and pgRNA_m4 to introduce

107

premature STOP codons in mCherry at the 69th, 114th, and 98th codon positions. We also

108

constructed pgRNA-X, expressing a non-binding random spacer oligo.

109

We co-transformed E. coli∷mCherry and S. flexneri∷mCherry with pnCas9-AID or empty

110

plasmid (pSU19) and with mCherry-targeting or control sgRNA plasmids (Fig. 2A). Co-

111

transformants were selected as fluorescent colonies on selective medium containing glucose

112

(Supplementary Fig. S2). To optimize the time and conditions necessary for mutagenesis, we

113

plated actively growing cultures of E. coli∷mCherry and S. flexneri∷mCherry, with or

114

without IPTG induction. To determine the frequency of mutation (Fig. 2B, C), we counted the

115

resulting colonies and scanned them for red fluorescence (Fig. 2D, E).

116

In both species, the basal frequency of mutagenesis (no nCas9-AID and control gRNA-X)

117

was zero (Fig. 2B-E, condition 1) and an mCherry targeting sgRNA alone (condition 2), or

118

nCas9-AID with sgRNA-X, made no significant difference. This showed that gene-specific

119

sgRNA alone or the nCas9-AID fusion bound to a control gRNA could not measurably

120

introduce mutations. However, the frequency of mutagenesis was significantly higher than

121

control, in both species, when nCas9-AID was expressed in presence of two out of three
5
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122

mCherry-targeting sgRNA (Fig. 2B-E, conditions 4 and 6). Although the frequency was

123

slightly lower in S. flexneri (median 85.7% and 66.7% as compared to 100% in E. coli), they

124

were in the same order of magnitude irrespective of the addition of IPTG. This result shows

125

that base-editing can be readily performed in S. flexneri with high efficiencies. However, a

126

different effect was seen in case of sgRNA_m3. While the median frequency in E. coli was

127

lower (87.8%) but in the same order as with sgRNA_m2 and sgRNA_m4, the median

128

frequency in S. flexneri (8.3%) was not significantly different from the control condition (Fig

129

2C, condition 5). Addition of IPTG or longer incubation time did not improve the frequency

130

(Fig. 2C, Supplementary Fig. S3). Together, these results indicated that sgRNAs had

131

significant difference in their ability to target mCherry which shows species-dependent

132

variation. Effective mutagenesis, however, could still be performed in both species,

133

surprisingly, without chemical induction of nCas9-AID expression.

134

We also determined the bacterial titer (CFU/ml) for all the time points in each condition

135

(Supplementary Fig. S3). The overall titer increased with time in both species, but there was

136

no significant correlation across timepoints compared to the control conditions (condition 1).

137

Therefore, with the present data, we cannot strongly conclude if carrying pgRNA derivatives,

138

with or without pnCas9-AID, have specific effects on the titers. Only a small, but measurable,

139

effect could be attributed to the addition of IPTG, which results in changes in growth rates or

140

viability.

141

nCas9-AID is highly effective at undetectable levels

142

Differences in the efficacy of sgRNA_m3 in E. coli and S. flexneri, irrespective of IPTG

143

induction, indicated that sgRNA, and not nCas9-AID expression, could be a factor

144

responsible for the species-specific differences in the frequency of mutagenesis. To test this

145

hypothesis, we transformed pgRNA-(R)-sfGFP into E. coli MG1655 and S. flexneri∷mScarlet

146

(attTn7∷mScarlet in S. flexneri) and measured the sfGFP fluorescence over time. The
6
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147

fluorescence was higher in E. coli (up to 6-folds) as compared to fluorescence in S.

148

flexneri::mScarlet (Fig. 3A). This difference was confirmed at the single-cell level, when the

149

green fluorescence was quantified by microscopy (Fig. 3B, Supplementary Fig. S4A). The

150

expression of sfGFP from pgRNA-(R)-sfGFP was about four times higher in E. coli as

151

compared to S. flexneri (Fig. 3C). This difference could be an outcome of several factors

152

including, but not limited to, plasmid copy number, promoter activity, and sgRNA stability.

153

This difference in sfGFP expression in the context of pgRNA_AT could explain differences in

154

targeting efficiencies between E. coli and S. flexneri.

155

We had already determined that induction of the expression of nCAs9-AID was, surprisingly,

156

not necessary for efficient mutagenesis. We wanted to determine if different levels of nCas9-

157

AID correlated with mCherry mutagenesis guided by sgRNA_m2. Our results showed that in

158

both E. coli and S. flexneri, mCherry was mutated despite nCas9-AID levels being below the

159

limit of detection as determined by Western Blot (Fig 3D). nCas9-AID was detected upon

160

IPTG induction, but accompanied by the appearance of bands below 100 kDa recognized by

161

anti-Cas9 antibody, suggesting partial nCas9-AID degradation (Supplementary Fig. S4B).

162

Interestingly, a previous study used dCas9-AID fused to a degron to decrease its expression

163

(21). We seem to have achieved the same outcome, albeit inadvertently. These results indicate

164

that the nCas9-AID fusion protein is not very stable but highly effective, nonetheless, even at

165

barely detectable levels.

166

nCas9-AID expressing strains are not hypermutators

167

We suspected that leaky expression of nCas9-AID could alter the frequency of mutation at

168

loci other than those targeted due to unspecific activity of the fused AID domain (28, 29). To

169

test the basal mutation rate in S. flexneri, we performed the classic fluctuation assay using

170

nalidixic acid (30). Point mutations in gyrase encoding gene, gyrA, render Shigella resistant

171

to nalidixic acid (31). The frequency of appearance of such mutants can be used as a measure
7
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172

of basal mutation rate. We designed a sgRNA (sgRNA-gyrA) that would cause a GA

173

transition at position 259, resulting in Asp87  Asn87 substitution and resistance to nalidixic

174

acid. S. flexneri strains carrying backbone plasmid pSU19, instead of pnCas9-AID, were used

175

to distinguish between the mutation rate at the gyrA locus in presence or absence of nCas9-

176

AID (Fig 4A). Mutagenesis was carried out as in case of mCherry, but in addition to spotting

177

on TSA plates, 10-fold serial dilutions of the cultures were also spotted on TSA plates

178

containing nalidixic acid and the resulting colonies were counted.

179

The background rate of gyrA mutation in absence of nCas9-AID, as a proxy measure of

180

overall random mutation frequency, was in the order of 10-8 after 2 hours of incubation (Fig.

181

4B). It was not significantly altered when IPTG was added. Importantly, the expression of

182

nCas9-AID, in presence of a non-targeting sgRNA (sgRNA-X), also did not significantly

183

affect the mutation frequency. Even at later time points, the frequency of mutation for strains

184

expressing nCas9-AID with sgRNA-X was similar to those not expressing nCas9-AID at all

185

(Supplementary Fig. S4C). It was only in the presence of a gyrA-specific sgRNA (sgRNA-

186

gyrA) that nCas9-AID was able to introduce nalidixic acid resistance mutations at a higher

187

frequency. A nearly 5 log-fold increase in the frequency of mutation confirmed the specificity

188

of our method. The frequency of mutation, however, was not as high as with mCherry

189

mutagenesis, highlighting again that efficacy can depend on target genes and sgRNAs. The

190

low-level leaky expression, and even induced expression of nCas9-AID, was not mutagenic

191

by itself, probably due to the low stability of the fusion protein as observed by Western blot.

192

This also suggested that the probability of introduction of unwanted unspecific mutations by

193

nCas9-AID, under the conditions we tested, was in the same order of magnitude as

194

spontaneous mutations.

195

Loss-of-function mutants generated by base editing have the same phenotype as gene

196

deletion mutants
8
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197

Encouraged by our results, we decided to use our system to generate mutations in parallel in

198

well-characterized virulence genes on both the chromosome and the virulence plasmid and

199

verify their phenotype (Table 1, Fig. 5A). We mutated mxiD in S. flexneri and performed a

200

gentamicin protection assay to assess whether it had the same impact on invasion as reported

201

earlier (32, 33). Wild-type and S. flexneri mxiD(Q323X) (Q323 residue substituted with STOP

202

codon) were allowed to infect TC7 intestinal epithelial cells in vitro and the extracellular

203

bacteria were killed by gentamicin treatment. Bacterial invasion was quantified by lysing the

204

cells, to release intracellular bacteria that were protected from gentamicin, and spotting log-

205

fold dilutions of the lysates on TSA plates (Fig. 5B). WT bacteria successfully invaded TC7

206

cells, but we did not observe any invasion by S. flexneri mxiD(Q323X) (Fig. 5C). Since mxiD

207

mutants fail to assemble a functional T3SS, they are unable to secrete the T3SS substrates

208

(32). Indeed, we did not recover any secreted proteins in the supernatant of S. flexneri

209

mxiD(Q323X), induced for secretion by Congo red (Fig 5D) (34).

210

icsA and vacJ have been reported to be necessary for intracellular dissemination of Shigella,

211

but are not involved in invasion (35, 36). We first verified that base-edited mutants S. flexneri

212

icsA(Q59X) and S. flexneri vacJ(Q90X) had no invasion defect (Fig. 5E). To assess

213

intracellular dissemination, we used the plaque formation assay, where cells are infected with

214

bacteria but the bacteria can only disseminate intracellularly due to the presence of

215

gentamicin in the medium (37, 38). Successful intracellular dissemination results in spread of

216

bacteria and subsequent cell death, which appears as a zone of clearance in the cell

217

monolayer (Fig 5F). Successful invasion and subsequent dissemination were evident in case

218

of WT S. flexneri as numerous plaques of similar diameter were observed (Fig. 5G).

219

However, no plaques were visible in case of S. flexneri icsA(Q59X) and S. flexneri

220

vacJ(Q90X), even at higher MOIs, indicating an obvious dissemination defect.

221

Taken together, these results showed that the phenotype of the mutants generated by our base
9
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222

editing method was consistent with that reported in the literature.

223

Base editing results in phenotypically non-polar mutations

224

Polar effects, or decreased expression of genes downstream of the site of mutation, are a

225

common mutagenesis problem in bacteria for polycistronic transcriptional units (12). For

226

example, polar effects of icsB mutation have been shown to impair intracellular

227

dissemination in Shigella by affecting transcription of downstream ipa genes (9, 39, 40). We

228

generated two icsB mutants (S. flexneri icsB(Q32X) and icsB(Q237X)) with the premature

229

STOP codon introduced at two different sites (Fig. 5A). The icsB mutants had no apparent

230

invasion defect (Fig. 5H) and there was no significant difference in the number and size of

231

the plaques as compared to WT bacteria (Fig. 5G and 5I). This indicated that base edited icsB

232

mutant might be non-polar.

233

To verify this effect at the mRNA level, we additionally mutated ipgB, a gene upstream ipaC,

234

by constructing two ipgB mutant strains [S. flexneri ipgB(Q44X) and S. flexneri

235

ipgB(Q190X)]. We determined the expression of icsB, ipgB and ipaC by qPCR (Fig. 6A).

236

Two-way analysis ANOVA showed no significant differences between the transcription of

237

ipgB and ipaC between wild-type S. flexneri and the four icsB and ipgB mutants (Fig. 6B).

238

Moreover, no mutation showed significant differences compared to wild-type S. flexneri

239

when transcription of ipgB or ipaC was analyzed individually (Supplementary Fig. S4D). As

240

expected, no effect was observed at the protein level, assessed by comparing the secretion of

241

IpaC (Fig. 6C). Although a loss-of-function mutation of ipgB has been reported to be 50%

242

less invasive (41), we did not observe this decrease, mainly because this reduction is within

243

experimental error in our hands (Fig. 6D). We did observe a significant effect on the levels of

244

icsB transcription (Supplementary Fig. S4D), particularly for the S. flexneri icsB(Q32X)

245

mutant, which is consistent with our previous report (42) that some mutations, including

246

premature STOP codons, can decrease mRNA levels without affecting observed phenotypes.
10
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247

Altogether, these results showed that base-edited premature STOP codon mutations did not

248

result in any observable polar effects, at least at the phenotype level.

249

Discussion

250

Functional characterization of genes is a primary step in understanding the physiology and

251

pathogenesis of microbes, which is made possible by powerful tools such as high-throughput

252

reverse genetics (43). However, the success of this approach is entirely dependent on the

253

ability to generate loss-of-function libraries with an equally high throughput (44). Using a

254

two-plasmid system and substituting electroporation with chemical transformation we were

255

able to increase throughput ensuring pure colonies of several desired mutants prepared in

256

parallel, in just 5-6 days from the receipt of spacer oligos (Supplementary Fig. S5). The use

257

of type II restriction enzyme BsaI not only ensures directional cloning of spacer oligos but

258

also provides the advantage that the parent plasmid needs to be digested only once for all

259

cloning reactions. Furthermore, even for the gRNA that showed no significant frequency of

260

mutation (sgRNA_m3) compared to the control, the reaction yielded a workable number of

261

mutant colonies.

262

Although high frequency of mutation was achieved in previous studies by combining the

263

expression of catalytically inactive Cas9, dCas9-AID, and a uracil DNA glycosylase inhibitor

264

(21, 46), we avoided using this combination as the uracil DNA glycosylase inhibitor can

265

potentially induce hypermutation, owing to its ability to impair DNA repair (47). In our case,

266

the apparent low stability of nCas9-AID and combined expression with a sgRNA, targeting or

267

non-targeting, might have decreased the availability of free apo-nCas9-AID, preventing it

268

from binding to non-specific sites on genomic DNA (48) and introducing unwanted,

269

potentially toxic mutations. Since the virulence plasmid is not necessary for bacterial

270

survival, improved yield of mutants by counter-selecting the non-modified cells using

271

CRISPR-Cas9 and recombineering methods together, is not applicable to mutation of
11
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plasmid-borne genes (16, 17). However, we were able to mutate plasmid and chromosomal

273

genes in S. flexneri in parallel using the same strategy and workflow.

274

It is now clear that polar effects are prevalent even in well-characterized systems such as the

275

Keio collection (49). Therefore, even if we did not observe any polar effects at the phenotype

276

level in this study, we observed potential changes in mRNA abundance and recommend that

277

such effects are taken into account while generating base-edited mutants, in equal manner as

278

for any other mutagenesis strategy.

279

In addition to generating parallel single gene mutations, a spacer oligo library can be cloned

280

into pgRNA in a single reaction resulting in a pgRNA plasmid library. This library can be

281

transformed into bacteria expressing nCas9-AID, generating an equally large pooled library

282

of loss-of-function mutants. Since the pgRNA (ColE1-derived origin) propagates stably (50),

283

cloned spacer oligos can function as barcodes, aiding in high-throughput screening of gene

284

function (51) and base editing can be subsequently used for targeted mutagenesis of selected

285

candidates.

286

Despite many apparent advantages, the most obvious limitation of the base editing method is

287

the availability of mutable sites in a particular gene. Certain genes, for example mxiD in this

288

study, have only one mutable site. As seen from our results, certain sgRNAs are more

289

effective than others and not having any alternative, therefore, can be limiting. However, with

290

the discovery of Cas9 variants with varying PAM specificity, there is a possibility of

291

combining them with deaminases to expand the arsenal of effector proteins to overcome this

292

limitation (52). Altered PAM specificity can also address another possible limitation in form

293

of the usage of amber codon for termination. Amber codon is only rarely used for termination

294

of essential genes and is often a suboptimal STOP codon (53).

295

In conclusion, we have successfully adapted a programmable CRISPR-Cas9 base editing

296

method to generate loss-of-function mutants in S. flexneri and E. coli. This method can allow
12
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297

functional characterization of unknown S. flexneri genes by high-throughput reverse genetics

298

and could be extended to other members of Enterobacteriaceae owing to plasmid and

299

promoter compatibility.

300

Methods

301

Bacterial strains, cells, and culture conditions

302

Bacterial strains, plasmids, and cells used in this study have been summarized in the

303

Supplementary Table S1. All E. coli strains were grown in LB, S. flexneri in TSB, and TC7

304

cells were gown in DMEM containing 10% FBS, non-essential amino acids and penicillin-

305

streptomycin. For maintenance of plasmids in E. coli, chloramphenicol and carbenicillin were

306

used at 25 μg/ml and 100 μg/ml, respectively. In case of S. flexneri, the concentration was 15

307

μg/ml and 50 μg/ml, respectively. Spectinomycin was used at 50 μg/ml. S. flexneri colonies

308

were selected on agar plates supplemented with 0.01% Congo red.

309

Construction of fluorescent strains

310

Fluorescent strains of E. coli and S. flexneri, constitutively expressing mCherry (and

311

mScarlet-i in case of Shigella) from the chromosome, were constructed using Tn7-mediated

312

transposition (54, 55). The detailed methodology is mentioned in Supplementary Methods S1.

313

Plasmid construction

314

All the oligos used for recombinant procedures are mentioned in Supplementary Table S2.

315

pgRNA_AT was generated by combining parts from pgRNA-ccdB and a pBluescript SK

316

variant that lacks the BsaI site in the β-lactamase gene (22). pnCas9-AID was generated by

317

combining parts of pSU19 and pdCas9-AID by in-vivo assembly (IVA) cloning (22, 56).

318

Plasmid construction is explained in detail in Supplementary Methods S1.

319

Guide RNA design and cloning

320

The guide RNA for mutagenesis were designed using the program CRISPR_CBEI (26)

321

(Supplementary Table S2). Details of cloning and guide RNA design are mentioned in
13
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322

Supplementary Methods S1.

323

Mutagenesis

324

pnCas9-AID and respective pgRNA were co-transformed in ultra-competent E. coli using the

325

heat shock method (57). The co-transformants were selected on LA plates supplemented with

326

chloramphenicol, carbenicillin, and glucose. Since co-transformation was not very efficient in

327

S. flexneri, pnCas9-AID and various sgRNA plasmids were sequentially transformed.

328

Bacteria carrying both plasmids were grown overnight at 37°C in broth supplemented with

329

chloramphenicol, carbenicillin, and glucose. The overnight culture was diluted 100 times in

330

fresh medium and the bacteria were grown till OD600 = 0.2. 1 mM IPTG was added to

331

overexpress nCas9-AID and the cultures were incubated at 37°C for further 2 hours (longer

332

incubation times were tested in case of mCherry and gyrA mutagenesis). 10-fold serial

333

dilutions of the cultures were made in sterile PBS and 10 μl of each dilution was spotted on

334

agar plates containing no antibiotics. For gyrA mutagenesis, the agar plates were

335

supplemented with nalidixic acid (30 μg/ml) and in addition to 10-fold dilutions, a 10-fold

336

concentrated culture was also spotted. The agar plates were incubated overnight at 37°C and

337

the colonies were enumerated. The plates were imaged in a Typhoon scanner (GE Healthcare)

338

to determine fluorescence. Four random colonies were selected in each case to verify

339

mutation by PCR and sequencing.

340

Fluorescence measurement and microscopy

341

Overnight cultures of E. coli MG1655 and S. flexneri::mScarlet carrying pgRNA-(R)-GFP

342

were diluted 100 times in fresh medium containing carbenicillin. 100 μl of culture was

343

pipetted into different wells of a 96-well plate and the fluorescence (Ex: 480 nm and Em: 510

344

nm) and OD600 was measured simultaneously every 10 min in a SPARK multimode plate

345

reader (Tecan) at 37°C. After 3 hours of incubation, 10 μl of both cultures were mixed in a

346

tube and spotted onto a thin agarose pad on a glass slide. Microscopy images were taken
14
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347

using widefield microscope (Nikon) with DIC, Texas red, and FITC filters. The images were

348

given false colors and fluorescence quantification was performed using ImageJ.

349

Immunodetection of nCas9-AID

350

Bacteria were cultured similarly to the mutagenesis assay but instead of spotting dilutions on

351

agar plates, 10 ml of cultures were pelleted by centrifugation and resuspended in 250 μl of 1X

352

Laemmli buffer. The samples were boiled and resolved on 10% SDS-PAGE. The gels were

353

stained using SimplyBlue stain (ThermoFisher) or used for transfer of proteins onto PVDF

354

membranes (GE Healthcare). Probing was done using anti-Cas9 primary antibody

355

(ThemoFisher, PA5-90171) at 1:20,000 dilution and HRP-conjugated anti-rabbit secondary

356

antibody (Abcam) at 1:40,000 dilution. The blot was developed using ECL reagent (Cytiva)

357

and imaged using Amersham imager 680 (Sigma Aldrich).

358

Bacterial invasion assay and plaque formation assay

359

The ability of bacteria to invade epithelial cells was determined by gentamicin protection

360

assay as described earlier (33). All mutant Shigella strains were transformed with pAfaE, a

361

derivative of pIL22 (58) expressing AFA I adhesin. Plaque formation assay was performed as

362

described in (38) with modifications as follows. TC7 cells were infected at an MOI of 1:500

363

(bacteria:cells) and additionally at 1:150 for vacJ and icsA mutants. The infected cells were

364

incubated for 48-72 h before fixation and staining.

365

Secretion assay

366

Secretion assays were performed as described earlier with modifications (59). Overnight

367

cultures of bacteria were diluted 200 times and were grown till OD600 = 0.5. Cells were

368

collected from 4 ml culture, by centrifugation, and washed twice with PBS. The pellet was

369

finally resuspended in 1 ml prewarmed PBS containing 0.01% Congo red and incubated for 1

370

hour at 37°C. Bacteria were separated by centrifugation and the proteins in the supernatants

371

were precipitated at 4°C for 10 min using 20% trichloroacetic acid. 1 mg/ml solution of BSA
15
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372

was used as a control for precipitation. The precipitated proteins were washed twice with ice-

373

cold acetone and resuspended in Laemmli buffer before being resolved on 12%

374

polyacrylamide gel. The gel was soaked overnight in 50% ethanol to remove Congo red and

375

rehydrated gradually. The gel was stained with SimplyBlue SafeStain (ThermoFisher) to

376

visualize the proteins.

377

96-well mutagenesis

378

50 μl chemically competent S. flexneri carrying pnCas9-AID were pipetted into wells of a

379

pre-chilled 96-well plate. sgRNA plasmids were added to individual wells and transformed

380

by the heat-shock method. 150 μl of recovery medium (SOC) was added to each well and the

381

plate was incubated at 37°C for 1 h. 100 μl of cell suspension and 1/10th dilution from each

382

well were spread onto selective plates. The plates were incubated overnight at 37°C and

383

single colonies were picked up for mutagenesis. In a 96-well deep-well plate (Eppendorf),

384

single colonies were inoculated in 500 μl of TSB with antibiotics and grown overnight at

385

37°C. 10 μl of overnight culture was added to 500 μl of fresh medium in a new 96-well deep

386

well plate, which was incubated till OD600 = 0.2. 1 mM IPTG was added to the wells and the

387

plate was incubated for another 2 h before serial dilutions (10 μl of 10-5 and 10-6 dilution) of

388

the cultures were spotted on Congo red plates. The plates were incubated at 37°C overnight

389

and single colonies were checked for desired mutation by colony PCR and DNA sequencing.

390

qPCR analysis

391

Total RNA extraction and qPCR were performed as previously described, with minor

392

modifications (42, 60). Bacteria were grown similarly to the mutagenesis experiment but

393

instead of spotting the dilutions, the cultures were treated with ice-cold Stop Solution (95%

394

v/v ml of ethanol, 5% v/v ml of phenol pH 4) for 30 min on ice. The cells were then collected

395

by centrifugation and stored at -80°C. cDNAs were subsequently prepared with random

396

hexamer primers using a first strand cDNA synthesis kit (ThermoFisher). To analyze the
16
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397

expression of icsB, ipgB, ipaC, and two housekeeping genes, hcaT and cysG (61), we

398

designed specific oligonucleotides (Supplementary Table S2). To analyze qPCR data, we

399

used the iQ5 optical system software (Bio-Rad) and obtained the Ct with default settings. We

400

manually verified that changes in the threshold did not affect or bias the results. To normalize

401

the data, the average Ct value of the two housekeeping genes was used to calculate a ΔCt for

402

the gene of interest. Controls with no reverse transcriptase were also analyzed to exclude the

403

presence of contaminating genomic DNA fragments.
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Figure legends

597

Figure 1: Overview of the CRISPR-Cas guided base editing method.

598

(A) Generation of mutants using mCherry as example. After co-transformation with pnCas9-

599

AID and pgRNA, expression of Cas9-AID and a specific sgRNA introduces a premature stop

600

codon in the target sequence. The PAM and the editable window are underlined with the

601

target C nucleotide shown in red. (B) Maps of plasmids pgRNA_AT and pnCas9-AID used

602

for mutagenesis in E. coli and S. flexneri. (C) Output from CRISPR-CBEI for mCherry and

603

(D) the general scheme for high-efficiency cloning of the spacers determined by CRISPR-

604

CBEI.

605

Figure 2: Mutagenesis of chromosomally encoded mCherry in E. coli and S. flexneri

606

(A) Schematic representation of the six different conditions (plasmid combinations),

607

numbered from 1-6, used in the experiment. (B) Mutation frequency in E. coli and (C) S.

608

flexneri, determined as the ratio of the number of non-fluorescent (mutant) colonies to the

609

total number of colonies, after 2 hours of mutagenesis with or without IPTG induction. The

610

numbers on the X-axis correspond to the conditions represented in (A). Each dot represents a

611

technical replicate and is color-coded to represent a biological replicate. The bars represent

612

the median of three independent experiments. Statistical significance was determined by

613

performing two-way ANOVA followed by Sidák’s multiple comparison tests to determine the

614

significance of each condition with respect to control conditions (condition 1) and to

615

determine the significance of IPTG addition (ns – not significant, *P<0.0332, **P<0.0021,

616

***P<0.0002, ****P<0.0001). (D) Phenotypic determination of loss of fluorescence in E.
26

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.04.482438; this version posted October 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

617

coli and (E) S. flexneri. Representative visible (Vis) and fluorescence (Flu) images of

618

colonies obtained by spotting logarithmic dilutions of induced (IPTG+) or not induced

619

(IPTG-) cultures, after 2 hours. The numbers 1-6 correspond to the conditions represented in

620

(A).

621

Figure 3: Comparison of expression from pgRNA and pnCas9-AID in E. coli and S.

622

flexneri.

623

(A) Comparison of sfGFP fluorescence from pgRNA-(R)-GFP in E. coli and S.

624

flexneri::mScarlet. Fluorescence and OD600 of bacterial cultures were measured

625

simultaneously in a multimode plate reader and the ratio (corrected fluorescence) was

626

determined for each time point. Fold change in fluorescence was determined as a ratio of

627

corrected fluorescence of E. coli and S. flexneri::mScarlet at each time point. (B)

628

Representative image of a 50:50 mixture of the cultures as in (A) taken with a fluorescence

629

microscope. The arrowhead denotes a representative S. flexneri bacterium and the asterisk

630

marks a representative E. coli bacterium. (C) Quantification of fluorescence relative to the

631

mean of E. coli fluorescence. The horizontal line represents the median. Each dot represents a

632

technical replicate (fluorescent bacterium in one representative image) and is color coded to

633

represent a biological replicate (image taken on different days). Statistical significance was

634

determined by performing one-way ANOVA followed by Tukey’s multiple comparison tests

635

(ns – not significant, *P<0.0332, **P<0.0021, ***P<0.0002, ****P<0.0001). (D) Expression

636

of Cas9-AID fusion protein, determined by immunodetection using anti-Cas9 antibody.

637

Mutagenesis of mCherry, guided by sgRNA_m2, was performed simultaneously. The

638

outcome of the mutagenesis is shown as visible (Vis) and fluorescence (Flu) images of

639

colonies obtained by spotting 10-5 dilution of the cultures.

640

Figure 4: Nalidixic acid resistance assay to compare the frequency of guided and

641

random mutations.
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642

(A) Schematic representation of the four different conditions (plasmid combinations),

643

numbered 1-4, used in the experiment. (B) Mutation frequency, determined as the ratio of the

644

number of nalidixic acid resistant (mutant) colonies to the total number of colonies, after 2

645

hours of mutagenesis with and without IPTG induction. The numbers on the X-axis

646

correspond to the conditions represented in (A). Each dot represents a technical replicate and

647

is color-coded to represent a biological replicate. In some technical replicates, the mutation

648

frequency was below the limit of observation (1x10-9) as spotting high concentrations of the

649

bacterial culture resulted in a bacterial mass, instead of distinct antibiotic resistant colonies.

650

The bars represent the median of three independent experiments. Statistical significance was

651

determined by performing two-way ANOVA followed by Sidák’s multiple comparison tests

652

for each condition with respect to the control (condition 1) and for IPTG addition (ns – not

653

significant, *P<0.0332, **P<0.0021, ***P<0.0002, ****P<0.0001).

654

Figure 5: CRISPR/Cas-guided mutagenesis of characterized S. flexneri genes and

655

assessment of their phenotype.

656

(A) Representation of the STOP codons (highlighted in red) introduced by base-editing. The

657

total length of the gene is indicated by a line and the red mark indicates the location of the

658

mutable target site. (B) Schematic representation of the gentamicin protection assay used to

659

assess the invasiveness of Shigella. (C) Invasiveness of S. flexneri WT and mxiD(Q323X),

660

determined by the number of bacterial CFU used to infect TC7 cells (input) and the number

661

of bacterial CFU that were successful at invading them (output). In case of S. flexneri

662

mxiD(Q323X), the CFU count was not above the technical limit of observation (102 CFU/ml).

663

(D) SDS-PAGE gel showing the total secreted proteins precipitated from the supernatants of

664

indicated bacterial cultures after induction of secretion by Congo red. BSA was used as a

665

control for protein precipitation. (E) Invasiveness of WT, icsA(Q59X), and vacJ(Q90X) S.

666

flexneri determined by the gentamicin protection assay. (F) Schematic representation of the
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667

plaque formation assay. (G) Intracellular dissemination of WT and mutant S. flexneri

668

determined by plaque formation assay. The images depict the stained monolayer of TC7 cells

669

in a 6-well plate with the plaques seen as zones of clearance. (H) Invasiveness of WT and the

670

two strains of S. flexneri icsB mutants determined by gentamicin protection assay. (I)

671

Measurement of the diameters of the plaques from one representative plaque formation assay.

672

In all the plots, each dot represents a technical replicate and is color-coded to represent a

673

biological replicate. The bars represent the median of three independent experiments (except

674

in (I)). Statistical significance was determined by performing two-way ANOVA followed by

675

Sidák’s multiple comparison test (ns – not significant, *P<0.0332, **P<0.0021,

676

***P<0.0002, ****P<0.0001).

677

Figure 6: Assessment of polar effects of base-edited mutations.

678

(A) Representation of the icsB operon. The red vertical lines represent the site of introduction

679

of STOP codon in icsB and ipgB genes. The small horizontal black lines represent the

680

amplicon used to determine the mRNA abundance by qPCR. (B) Normalized (to cysG and

681

hcaT) expression of icsB, ipgB, and ipaC genes in different mutant strains. Each dot

682

represents a single amplicon and is color-coded to represent a biological replicate. Statistical

683

significance was determined by performing a two-way ANOVA and Holm-Sidák’s multiple

684

comparison tests compared to WT (ns – not significant, *P<0.0332, **P<0.0021,

685

***P<0.0002, ****P<0.0001). (C) SDS-PAGE gel showing the secreted proteins (labelled

686

with arrowheads) precipitated from the supernatants of indicated bacterial cultures after

687

induction of secretion by Congo red. (D) Invasiveness of S. flexneri strains, determined by

688

the number of bacterial CFU used to infect TC7 cells (input) and the number of bacterial

689

CFU that were successfully invaded (output). Each dot represents a technical replicate and is

690

color-coded to represent a biological replicate. The bars represent the median of three

691

biological replicates. Statistical significance was determined by performing a two-way
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692

ANOVA followed by Sidák’s multiple comparison test compared to WT (ns – not significant,

693

*P<0.0332, **P<0.0021, ***P<0.0002, ****P<0.0001).

694

Tables

695

Table 1. Details of characterized S. flexneri genes that were selected for mutagenesis.

696

The selected genes are found both on the virulence plasmid and the chromosome. The

697

variation in the number of spacers and their corresponding mutable sites is also mentioned.
Gene

Location

Spacers

Function

Mutant

Reference

phenotype
vacJ

icsA

Chromosome

Three spacers;

Lysis of protrusion during

Dissemination

same mutable site

intracellular dissemination

defect

Virulence

Two spacers;

Actin-based motility

Dissemination

plasmid

different mutable

(36)

(35)

defect

sites
icsB

Virulence

Two spacers;

Post-invasion virulence

Dissemination

plasmid

different mutable

factor

defect (?)

Structural component of

Invasion defect

(39, 40)

sites
mxiD

Virulence

One spacer

plasmid

(32)

the injectisome

698
699

Supplementary Material

700

Supplementary Methods S1. Detailed methodology of construction of plasmids, strains and

701

cloning guide RNA.

702

Supplementary Figure S1. Determination of J23119 promoter activity in S. flexneri. (A) The

703

map of pgRNA showing the restriction sites used to clone sfGFP and to obtain pgRNA-(R)-

704

GFP. The sfGFP has a synthetic ribosome binding site and is cloned under the J23119

705

promoter. (B) S. flexneri strains carrying pgRNA-X as non-fluorescent control and pgRNA30
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706

(R)-GFP streaked on a TSA plate supplemented with carbenicillin (50 μg/ml).

707

Supplementary Figure S2. S. flexneri::mCherry transformants visualized by Typhoon

708

scanner (GE Healthcare) prior to mutagenesis experiment to verify fluorescence.

709

Supplementary Figure S3. (A) Mutation frequency in E. coli::mCherry, determined as the

710

ratio of the of number of non-fluorescent (mutant) colonies to the total number of colonies,

711

after 4, 6, and 20 hours of mutagenesis with or without IPTG induction. (B) Titer of E.

712

coli∷mCherry during mutagenesis determined by counting the colonies spotted after 2, 4, 6,

713

and 20h of mutagenesis with or without IPTG. (C) Mutation frequency in S.

714

flexneri::mCherry, determined as the ratio of the of number of non-fluorescent (mutant)

715

colonies to the total number of colonies, after 4 and 6 hours of mutagenesis with or without

716

IPTG induction. (D) Titer of S. flexneri∷mCherry during mutagenesis determined by

717

counting the colonies spotted after 2, 4, and 6 h of mutagenesis with or without IPTG. The

718

numbers on the X-axis in each graph correspond to the conditions represented in (Fig. 2A).

719

Each dot represents a technical replicate and is color-coded to represent a biological replicate.

720

The bars represent the median of three independent experiments. Statistical significance was

721

determined by performing two-way ANOVA followed by Sidák’s multiple comparison tests

722

for of each condition with respect to the control (condition 1) and to determine the

723

significance of for IPTG addition (ns – not significant, *P<0.0332, **P<0.0021,

724

***P<0.0002, ****P<0.0001).

725

Supplementary Figure S4: (A) Microscopic images of 50:50 mixture of S. flexneri WT

726

carrying pgRNA-(R)-GFP and S. flexneri::mScarlet carrying control plasmid pgRNA-X

727

cultures taken using different filters. (B) Immunodetection of nCas9-AID fusion protein using

728

anti-Cas9 antibody. The left panel is a representative of multiple Western Blots and the right

729

panel is a representative SDS-PAGE gel of the same samples run in parallel. (C) Mutation

730

frequency in S. flexneri, determined as the ratio of the number of nalidixic acid resistant
31
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731

(mutant) colonies to the total number of colonies, after 4 and 6 h of mutagenesis with and

732

without IPTG induction. The numbers on the X-axis correspond to the conditions represented

733

in (Fig. 4A). Each dot represents a technical replicate and is color-coded to represent a

734

biological replicate. In some technical replicates, the mutation frequency was below the

735

technically possible limit of observation (1x10-9). The bars represent the median of three

736

independent experiments. Statistical significance was determined by performing two-way

737

ANOVA followed by Sidák’s multiple comparison tests for each condition with respect to the

738

control (condition 1) and for IPTG addition (ns – not significant, *P<0.0332, **P<0.0021,

739

***P<0.0002, ****P<0.0001). (D) Normalized (to cysG and hcaT) expression of icsB, ipgB,

740

and ipaC genes in different mutant strains. Statistical significance was determined by

741

performing (a) a Kruskal-Wallis test (non-parametric) with Dunn’s multiple comparison test

742

and (b) One-way ANOVA (parametric) with Dunnett’s multiple comparison test. The results

743

are represented as (a)/(b) on each bar (ns – not significant, *P<0.0332, **P<0.0021,

744

***P<0.0002, ****P<0.0001).

745

Supplementary Figure S5: Overview of the workflow to generate multiple parallel

746

mutations in Shigella in high throughput. Cloning the spacer oligos in pgRNA and

747

transformation in E. coli DH5α is done on Day 1. The transformants obtained can be

748

inoculated to extract plasmids later on Day 2 or overnight cultures can be made for plasmid

749

extraction on Day 3. pgRNA are transformed on Day 3 and S. flexneri colonies carrying both

750

plasmids are selected on Day 4 after overnight incubation. Inoculations can be made to carry

751

out mutagenesis later on the same day (Day 4) or overnight cultures can be prepared for

752

mutagenesis on Day 5. Depending on the incubation, colony PCRs can be performed on Day

753

5 or Day 6 (the day following mutagenesis).

754

Supplementary Table S1. Bacterial strains, cells and plasmids used in this study

755

Supplementary Table S2. Oligonucleotides used in this study
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