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14

Abstract

15

Class 1 integrons play a major role in antibiotic resistance dissemination among Gram-

16

negative bacteria. They are genetic platforms able to capture, exchange and express antibiotic

17

resistance gene cassettes. The integron integrase, whose expression is regulated by the

18

bacterial

19

insertion/excision/shuffling of gene cassettes. We previously demonstrated that the basal

20

level of integrase expression and in consequence, its activity, is increased via the starvation-

21

induced stringent response in the biofilm population. However, biofilms are heterogeneous

22

environments where bacteria are under various physiological states. Here we thus analyzed

23

at the bacterial level, the SOS response and integrase expression within the biofilm, using

24

confocal microscopy and flow cytometry. We showed that in the absence of exogenous stress,

25

only a small number of bacteria (~ 1%) located in the depth of the biofilm induce the SOS-

26

response leading to a high level of integrase expression, through both a stringent response-

27

dependent and -independent manner. Our results thus indicate that few bacteria located in

28

microniches of the biofilm depth undergo sufficient endogenous stress to promote the

29

acquisition of antibiotic resistance, forming a reservoir of bacteria ready to rapidly resist

30

antibiotic treatments.

SOS

response,

is

the

key

element

of

the

integron

catalyzing

31
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32

Introduction

33

In natural settings, bacteria most often live in complex communities attached to surfaces

34

known as biofilms [1]. Biofilms are highly heterogeneous environments where bacteria

35

experience local gradients of physical (temperature, pH) and biological (nutrients, oxygen,

36

waste products) parameters, resulting in microniches of distinct bacterial subpopulations [2].

37

Early biofilm characterization studies used the biofilm as a whole, which provided global

38

information averaging the entire biofilm bacterial population [2,3]. In the last decades, the

39

use of fluorescent reporter genes in combination with confocal scanning laser microscopy

40

(CLSM) has proven to be particularly useful for monitoring gene expression heterogeneity

41

within biofilms [4–8]. Fluorescence-activated cell sorting (FACS) offered complementary

42

information allowing to separate biofilm subpopulations to further characterize them

43

independently [9–11]. All these techniques have helped to show that biofilms favor horizontal

44

gene transfer [12], the main driving force for the emergence and dissemination of antibiotic

45

resistance. One of the most striking characteristics of the biofilm is its recalcitrance towards

46

antibiotics and host defenses, leading to treatment failure and infection recurrence[13].

47

Resistance integrons (RI) are low-cost structures allowing bacteria to rapidly adapt to

48

antibiotic pressure [14,15]. They play a major role in the spread of antibiotic resistance among

49

Gram-negative bacteria [14]. Integrons are genetic platforms able to capture, exchange and

50

express resistance genes embedded within gene cassettes (GC) from a common promoter Pc

51

[16]. The integrase, IntI, is the key element of the integron system, catalyzing GC insertion and

52

excision through site-specific recombination [17]. Among the five classes of RIs identified

53

based on the IntI amino acid sequence, class 1 RIs are the most frequently reported in

54

antibiotic-resistant clinical isolates [18,19]. The expression of the class 1 integrase, IntI1, is

55

controlled by the bacterial SOS response, a global regulatory network addressing DNA
3
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56

damages and mainly governed by the transcriptional repressor LexA [20,21]. We recently

57

reported that in the absence of exogenous stress, the expression level of the intI1 integron

58

integrase, as well as that of the SOS regulon gene sfiA, was higher in a continuous biofilm

59

culture than in a planktonic culture [22]. This increase depended on the RelA and SpoT

60

proteins, the regulators of the stringent response (stress response induced upon starvation

61

and whose effectors are the alarmones (p)ppGpp [23]). However these data were obtained

62

from the whole biofilm and may not reflect what actually happens within its heterogeneous

63

structure, where not all bacteria are subjected to nutrient starvation [24]. Herein, using CLSM

64

and FACS approaches, we could refine our previous observation, and showed that actually

65

only a very small number of bacteria located in the depth of the biofilm expressed intI1 and

66

sfiA genes at a high level in both a relA/spoT-dependent and -independent manner in the

67

absence of exogenous stress. Most importantly our results highlight that endogenous stress

68

in specific microniches in the depth of the biofilm would be sufficient to form a reservoir of

69

bacteria fully ready to develop antibiotic resistance upon antibiotic treatments.

70
71

Materials and methods

72

Strains and growth conditions

73

Bacterial strains and plasmids used in this study are listed in Table 1. Strains were grown under

74

planktonic or biofilm conditions at 37°C in Luria-Bertani (LB) medium supplemented with

75

kanamycin (Km; 25µg/ml) when required.

76

Biofilms in continuous culture were grown for 24 h in a glass microfermentor containing a

77

removable spatula, as previously described [22]. Briefly, the microfermentor were inoculated

78

by dipping the spatula for 2 min into 15 ml of over-night bacterial culture containing 1X109

79

cells/ml, followed by a brief rinse in LB medium before insertion in the microfermentor and
4
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80

start of the culture. After 24h, the biofilm was resuspended by vigorously shaking the

81

microfermentor, and the biofilm biomass was estimated by determining the optical density at

82

600 nm (OD600).

83

For planktonic culture, 100 µl of the culture used to inoculate the microfermentor was diluted

84

in 10 ml of LB and grown for 24 h at 37°C with shaking.

85
86

Construction of the MG1656latt::cherry F’ strain

87

The E. coli MG1656latt::mcherry strain, expressing red fluorescent protein (mCherry), was

88

constructed by integrating a km-frt-mcherry cassette at the E. coli latt site in a three-step-

89

PCR-based approach, and removing the Km resistance gene with the FLP recombinase as

90

previously described [25]. Primers used to construct and verify the strain, are listed in Table

91

S1. The F’ plasmid was introduced by conjugation in this strain from the NEB5-alphaF' strain.

92
93

Plasmid construction

94

pPsfiAgfp+ and pPsfia*gfp+ were constructed by amplifying the gfp+ gene (encoding a GFP

95

variant with increased fluorescence intensity[8]) from plasmid pGZA1 (Table 1) using primers

96

PsfiA-gfp(+)INF-5 and PsfiA-gfp(+)INF-3 and cloning the amplified fragments into plasmids

97

pSU38PsfiAlacZ and pSU38PsfiA*lacZ respectively, digested with BamHI and HindIII, using the

98

In-Fusion HD cloning kit (Clontech, Kusatsu, Japan) following manufacturer’s instructions.

99

pPsfiAcherry-pintI1intI1 and pPsfiA*cherry-PintI1intI1 were constructed by amplifying first the

100

mcherry gene encoding a red fluorescent protein from pCTX2-groE-mCherry using primers

101

hindIII-mcherry and bamHI-mcherry2 and cloning the amplified fragment into pSU38PsfiAlacZ

102

and pSU38PsfiA*lacZ respectively digested with BamHI and HindIII, yielding pPsfiAcherry and

5
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103

pPsfiA*cherry. Primers ter-intI-fwd-2 and inTI-pSU-rev, ter-ter-fwd-2 and ter-intI-rev-3, and

104

pSU-ter-fwd-2 and ter-ter-rev-2, were used to amplify respectively the intI1 gene and the

105

lambda t0 terminator from pZE1-intI1 (Table 1). These fragments were cloned at the XmnI site

106

of pPsfiAcherry and pPsfiA*cherry respectively using the In-Fusion HD cloning kit (Clontech).

107

All constructs were verified by PCR and sequencing. All primers are listed in Table S1.

108
109

Time-lapse Microscopy with Microfluidic flow-cell

110

Experiments were performed with a CellASIC® ONIX2 microfluidic system (www.cellasic.com).

111

Microfluidic biofilm cultures were grown in M04S microfluidic plates (EMD Millipore,

112

Burlington, Massachusetts, USA). After priming with culture media, the cell culture chamber

113

was loaded with 10µl of overnight bacterial culture diluted to 5X107 cells/ml with a flow

114

pressure of 0,25 psi for 6 s. Bacteria were allowed to attach to the surface for 15min without

115

media perfusion, before starting a laminar flow of 7µl /h (1psi) for 24h. The temperature was

116

maintained at 37°C. Image acquisition was performed with a Carl Zeiss (Oberkochen,

117

Germany) LSM 880 inverted confocal microscope equipped with a large incubator chamber

118

allowing temperature control, and a 40X oil immersion objective. At least three positions were

119

selected along the chamber for real-time imaging. Images were captured every 2h during 24h

120

with a constant 0.4 μm Z-step and were analyzed using the IMARIS 9.6 software (oxford

121

instruments, Tubney Wood, UK). Experiments were performed at least three times.

122
123

Aerobic fluorescence recovery (AFR)

124

Resuspended 24 hours old microfermentor-biofilms were diluted in PBS 1X to a final

125

concentration of 107 bacteria/ml. Chloramphenicol (Cm) was added at a final concentration of

6
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126

100 µg/ml to prevent further protein synthesis [26]. Samples were incubated at room

127

temperature during 1h with shaking (300 rpm) to allow AFR [27].

128
129

Determination of the proportion of red-fluorescent bacteria by flow cytometry

130

The resuspend biofilm after AFR was analyzed counting 106 bacterial cells with a BD FACSAria

131

III cell sorter (Becton Dickinson, Franklin Lackes, NJ, USA). Bacteria were excited with 560nm

132

yellow green laser and red fluorescence was collected in the PE-Texas-Red channel

133

(610/20nm). Bacteria were gated on basis of their distribution on forward vs side scatter plots.

134

Red bacteria were gated based on their distribution on side scatter vs PE-Texas-Red

135

fluorescence plots. The background signal was determined with a non-fluorescent bacteria

136

biofilm. Thresholds were applied manually to determine the boundaries between the different

137

populations and remained the same for all experiments. Data were analyzed using the

138

FlowLogicTM software (Inivai Technologies, Mentone, Australia).

139
140

Sorting of bacterial subpopulations

141

Red-fluorescent bacteria were sorted from the resuspended biofilm after AFR using a BD

142

FACSAria III cell sorter (Becton Dickinson). Cells were collected in Nucleoprotect RNA solution

143

(Macherey-Nagel, Dueren, Germany). Bacteria were gated as described above. The sort

144

collection chamber was maintained at 4°C. Up to 2.106 and 5.105 bacteria were collected in 2

145

hours for respectively both intermediate- and non-fluorescent-, and super-fluorescent-biofilm

146

populations. For the MGDrelADspoT super-fluorescent population approximatively 3.105

147

bacteria were collected in 3 hours.

148
149

Quantification of transcripts
7
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150

The pellet of sorted bacteria were incubated in 100µl of TE (30 mM Tris-HCl, 1 mM EDTA, pH

151

8.0) in the presence of 100µg of lysozyme and 200µg of Proteinase K for 10 min at 37°C with

152

shaking. Total RNA was then extracted with the RNeasy Mini Kit (Qiagen, Hilden, Germany)

153

following manufacter’s instructions. RNA concentration, quality and integrity were evaluated

154

with the Agilent RNA 6000 Pico kit on a Bioanalyzer. cDNA were synthesized from 100 pg of

155

RNA and quantified using the TaqMan® Fast Virus 1-Step Master Mix (Thermofisher, Waltham,

156

Massachusetts, USA) following manufacter’s instructions with appropriate oligonucleotides

157

and Taqman probes (Table S1). Assays were performed with a CFX96 Touch detection system

158

(Bio-Rad®, Hercules, Californie, USA) using the following PCR cycling conditions: 5 min at 50°C

159

(retro-transcription reaction (RT)), 20s at 95°C (RT enzyme inactivation) and 40 cycles at 95°C

160

for 15s and 60°C for 45s. Assays were performed in triplicate from six independent sorting.

161
162

Quantification of plasmid copy number

163

Sorted subpopulations were resuspended in 300 µl of PBS 1X and incubated at 95°C for 10

164

min. Debris were removed by centrifugation, 5 min at 11000 g. Concentration of the extracted

165

DNA was measured with Qubit 4 Fluorometer (Thermofisher) and normalized to 5 pg/µl in

166

water. Quantification of mcherry and gyrB (single gene copy on the plasmid and on the

167

chromosomal DNA respectively) copy number was made from 25 pg of DNA using the

168

LightCycler® FastStart DNA Master HybProbe kit (Roche, Bâle, Switzerland) following

169

manufacturer’s instructions with appropriate oligonucleotides and Taqman probes (Table S1).

170

Assays were performed with a CFX96 Touch detection system using the following PCR cycling

171

conditions: 10 min at 95°C followed by 40 cycles at 95°C for 30s and 60°C for 1min. Assays

172

were performed in triplicate on each population from five independent sorting. The plasmid

173

copy number was estimated as the ratio of mcherry copy number/ gyrB copy number.

8
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174
175

Statistical analysis

176

Statistical analysis was performed using GraphPad Prism 8 (version 8.4.3) for Windows,

177

GraphPad Software, La Jolla California USA, www.graphpad.com. For two groups comparison

178

a two-tailed Wilcoxon test (paired) or Mann–Whitney U-test (unpaired) test was used.

179

Statistically significant differences were defined by a p value lower than 0.05.

180
181

Results

182

Heterogeneity of the SOS response level within the E. coli biofilm

183

To assess the spatial distribution of the bacteria inducing the SOS response and thus

184

expressing intI1 within the biofilm in the absence of any exogenous stress, we used a

185

continuous microfluidic culture system coupled with confocal microscopy allowing the

186

development of a three-dimensional biofilm in a flow chamber and its visualization in real-

187

time. We used the E. coli MG1656 F' tagged on the chromosome with the mcherry gene

188

encoding a red-fluorescent protein expressed from a constitutive promoter (hereafter named

189

MGcherry F’; Table 1). We monitored the expression of intI1 and sfiA genes, both regulated

190

by the SOS response, using transcriptional fusions between their respective promoters, PintI1

191

and PsfiA, and the fluorescent reporter gene, gfp+. The plasmid pPsfiA*-gfp+, in which the

192

LexA binding region is mutated leading to constitutive expression of gfp+, was used as a

193

positive control of fluorescence and SOS response. The pSUDtotlacZ plasmid was used as

194

negative control (Table 1). We knew from our previous study that in biofilm, PsfiA activity fully

195

depends on an active SOS response, as PsfiA is inactive in a MGDrecA mutant (no activator of

196

the SOS response, RecA) and fully derepressed in a MGDlexA mutant (no repressor of the SOS

197

response, LexA) [22].
9
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198

Biofilms of MGcherry F’ carrying one of the plasmids were grown for 24h in LB at 37°C. As

199

expected, the CLSM images showed that the MGcherry F’/pSUDtot biofilm contained only red

200

bacteria and the MGcherry F’/pPsfiA*-gfp+ biofilm contained bacteria that were both red and

201

bright green (Fig. 1a and 1b). As seen on Fig. 1c and 1d, the MGcherry F’/pPsfiA-gfp+ biofilm

202

contained mainly red bacteria and very few both red and green bacteria. The 1D dot plot

203

representing the distribution of bacteria as a function of their spatial localization further

204

showed an uneven distribution of green bacteria on the z-axis of the 3D image of the biofilm

205

compared to the x- and y- axes (Fig. 1g, 1e and 1f respectively). These results indicated that in

206

the absence of exogenous stress, the PsfiA promoter is activated (green bacteria) in a minority

207

of bacteria preferentially located in the depth of the biofilm.

208

We then estimated the proportion of these bacteria in the biofilm, using a FACS approach,

209

which allowed to analyze each bacterium separately. To obtain enough biomass for FACS

210

analysis, we grew our biofilms in a continuous culture in microfermentor [28]. Surprisingly, we

211

detected no red fluorescence from the MGcherry F’/pPsfiA*-gfp+ biofilm, and only 87% of the

212

bacteria in the biofilm emitted green fluorescence, which was of very low intensity. We

213

postulated that this lack or low level of fluorescence was related to the biofilm model itself.

214

Indeed, as the microfermentor-biofilm is thicker and larger than the microfluidic flow chamber

215

one, the oxygen concentration might be more limiting, therefore impairing the maturation of

216

the GFP+ and mCherry fluorescent proteins [27].

217

To complete the protein maturation to a fully fluorescent form, we added a step of AFR after

218

biofilm growth [27]. The resuspended microfermentor-biofilm was incubated for one hour at

219

room temperature with shaking in the presence of chloramphenicol to prevent further protein

220

synthesis [26]. This method allowed full recovery of red fluorescence (mCherry) with high

221

fluorescence emission intensity. However, for the green fluorescence, the fluorescence

10
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222

intensity remained very low and too close to the background signal to be properly quantified.

223

Therefore, the plasmid model was adjusted accordingly. We constructed PsfiA and PsfiA*

224

transcriptional fusions with mcherry as the reporter gene (to follow PsfiA activity in

225

microfermentor-biofilms by FACS). And as we were unable to visualize by CLSM intI1

226

expression in the biofilm of MGcherry F’/pintI1-gfp+, probably due to the low level of intI1

227

expression, even when the intI1 gene is derepressed [22], we also added on the new plasmid,

228

the intI1 gene under the control of its own promoter PintI1, to subsequently estimate integron

229

integrase expression by RT-qPCR (see below). These plasmids were transformed in the strain

230

MG1656 F’, leading respectively to strains MG F’/pPsfiAcherry-PintI1intI1 and MG

231

F’/pPsfiA*cherry-PintI1intI1 (Table 1).

232

After one hour of AFR, 99 % of the bacteria of a 24h-old microfermentor-biofilm of the positive

233

control MG F’/pPsfia*cherry-PintI1intI1 were bright red fluorescent (Fig. 2b). For MG

234

F’/pPsfiAcherry-PintI1intI1, FACS dot-plot analysis showed that, as observed with the

235

microfluidic chamber, only few bacteria expressed fluorescence in the biofilm. This approach

236

further showed that this minority of red bacteria (3.3 ± 1.8 %) is clearly divided into two

237

populations: one (2.3 ± 1.2 %) expressing red fluorescence at an intermediate level, the other

238

(1 ± 0.7 %) at a high level (Fig. 2c). The latter showed red fluorescence intensity equivalent to

239

that expressed from the constitutive promoter PsfiA*, indicating that in this population the

240

SOS response is strongly induced, leading to full activity of the PsfiA promoter. These two red

241

populations will be named hereafter “intermediate-” and “super-fluorescent-populations”

242

respectively.

243
244

Differential Integron integrase expression within biofilm subpopulations
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245

As we have previously shown that basal-expression of the intI1 and sfiA genes was higher in

246

biofilm than in planktonic culture without any exogenous stress [22], we hypothesized that

247

the expression of intI1 and sfiA would happen within the same subpopulations in the biofilm.

248

We therefore sorted by FACS the three non-fluorescent, intermediate and super-fluorescent

249

subpopulations of the MG F’/pPsfiAcherry-PintI1intI1 biofilm, in order to quantify in each of

250

them the transcript levels of intI1 and mcherry genes (expressed from promoters PintI1 and

251

PsfiA respectively) by RT-qPCR. First, we confirmed that no degradation of the bacterial RNA

252

or changes in the level of mcherry expression occurred in the initial culture (i.e. re-suspended

253

biofilm during the various steps of the experiment (AFR + sorting)) (Fig. S1).

254

Transcript levels were higher in the intermediate population (1.9- and 1.7-fold for cherry and

255

intI1 respectively) and in the super-fluorescent population (64- and 22-fold for cherry and intI1

256

respectively) than in the non-fluorescent population (Fig. 3). As the sfiA gene is present in the

257

chromosome of our MG F’/pPsfiAcherry-PintI1intI1 strain, we therefore quantified sfiA

258

transcripts to verify that its expression was also induced in the fluorescent populations of the

259

biofilm. Surprisingly, the chromosomal sfiA transcript level was significantly increased but only

260

in the super-fluorescent population and at a much lower level than that of the plasmid genes

261

intI1 or mcherry (Fig. 3). Altogether, these results suggested that the strong increase in

262

mcherry and intI1 transcripts may be influenced by variations in plasmid copy number in the

263

biofilm subpopulations, in addition to the induction of the SOS response.

264
265

Influence of biofilm microniches on plasmid copy number

266

To answer the above questioning, we quantified the plasmid copy number in the three

267

populations of the MG F’/pPsfiAcherry-PintI1intI1 biofilm. As shown on Fig. 4a, the plasmid

268

copy number increased by 1.9- and 14.2-fold respectively in intermediate and super-

12
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269

fluorescent populations compared to the non-fluorescent population. We thus also quantified

270

the transcript level of the kanamycin resistance gene, aph(3')-IIa, carried on the same plasmid

271

as the mcherry and intI1 genes, and constitutively expressed. The aph(3')-IIa transcript level

272

should only reflect variations in the plasmid copy number. We observed that the aph(3')-IIa

273

expression level increased in both the intermediate- and super-fluorescent-populations, in

274

proportions similar to plasmid copy number (Fig. 4b). Therefore, from now on, we normalized

275

the transcript levels of mcherry and intI1 genes by that of aph(3')-IIa to estimate the effect of

276

the SOS response induction on PsfiA and PintI1 activity. As shown on Fig. 4c, the activation of

277

PsfiA and PintI1 occurred only in the super-fluorescent population (by 4.1- and 1.6-fold factor

278

respectively), in agreement with the above observations for chromosomal sfiA transcript

279

levels (Fig. 3). Overall, our results show that, in the biofilm, there are two bacterial populations

280

that express SOS-inducible genes at different levels: one expressing these genes at their low

281

basal non-induced level (non-fluorescent and intermediate- populations), and one at a high

282

de-repressed level (super-fluorescent population).

283
284

Induction of SOS response in the super-fluorescent population is only partially dependent

285

on the stringent response

286

We previously reported that the basal expression of sfiA was 2.2-fold higher in biofilm than in

287

planktonic culture and that this increase was dependent on the stringent response, which is

288

induced by the RelA and SpoT proteins [22]. To determine whether the super-fluorescent

289

population was specific of the biofilm and dependent on the stringent response, we analyzed

290

by FACS a 24h-old planktonic culture of MG F’/pPsfiAcherry-PintI1intI1, as well as a 24h-old

291

microfermentor-biofilm of a mutant unable to induce the stringent response, MGDrelADspoT

292

F’/pPsfiAcherry-PintI1intI1 (Table 1). Both cultures contained a super-fluorescent population

13
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293

but in significantly lower proportion than in the MG F’/pPsfiAcherry-PintI1intI1 biofilm (Fig. 5a

294

and 5b). These results suggested that more bacteria activated the SOS-inducible promoters

295

PintI1 and PsfiA in the biofilm than in the planktonic culture, and that in the biofilm about half

296

of the super-fluorescent population could induce the SOS response independently of the

297

stringent response. The next question was are the expression levels of intI1, mcherry and sfiA

298

similar in all three super-fluorescent populations i.e. from planktonic and both biofilms (MG

299

F’ and DrelADspoT mutant) cultures?

300
301

Complexity of the regulation of intI1 expression by the stringent response in biofilm

302

The amount of super-fluorescent bacteria was too low in the planktonic culture to be sorted

303

in a timescale suitable with our experiment. However, we were able to sort non-fluorescent

304

and super-fluorescent populations from a 24h-old MGDrelADspoT F’/pPsfiAcherry-PintI1intI1

305

biofilms by FACS in sufficient amounts to quantify intI1, mcherry and chromosomal sfiA

306

transcripts by RT-qPCR. Transcript levels from plasmidic mcherry and intI1 genes were

307

normalized to aph(3')-IIa, the plasmid copy number being also higher in the super-fluorescent

308

MGDrelADspoT F’/pPsfiAcherry-PintI1intI1 population (Fig. S2).

309

In the DrelADspoT mutant background, the transcript level of chromosomal sfiA was not

310

significantly higher in the super-fluorescent population compared to the non-fluorescent

311

population, contrary to what was observed in the wild type (WT) MG F’ background (Fig. 6a),

312

suggesting that the significant increase of sfiA expression in MG F’/pPsfiAcherry-PintI1intI1

313

super-fluorescent population depended on the stringent response. However, the transcript

314

levels of the plasmid genes, mcherry and intI1, were significantly higher in the MGDrelADspoT

315

super-fluorescent population than in the non-fluorescent population (Fig. 6b). Nevertheless,

316

intI1 expression ratio was still higher in the super-fluorescent population of the WT MG F’
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317

background than in the mutant one (Fig. 6b). The trend was the same for the mcherry gene,

318

although the difference of expression between the WT and mutant background super-

319

fluorescent populations did not appear to be significant (Fig. 6b). Altogether these results

320

indicated that for the mcherry and intI1 genes, the stringent response participates but is not

321

the only stress to be involved in the SOS response induction in the super-fluorescent

322

population of the biofilm.

323

Surprisingly, although the level of mcherry expression was the same in the non-fluorescent

324

WT and mutant populations, as observed for chromosomal sfiA expression (Fig. 6), intI1

325

expression was significantly lower in the non-fluorescent mutant population than in the WT

326

population (Fig. 6b). These results suggested that in the non-fluorescent population, the

327

stringent response activates intI1 expression in a SOS-independent manner.

328
329

Discussion

330

Bacterial biofilms are highly heterogeneous environments where bacteria experience various

331

stress [2]. Working with the total biofilm population forces one to average and minimize the

332

observed effects, or even miss some of them, when they occur in a small number of bacteria,

333

as shown here. Indeed, we previously showed that the expression level of intI1 and sfiA genes

334

in the absence of exogenous stress (basal expression) was higher, but not fully de-repressed,

335

in biofilm than in planktonic culture [22]. Here, analyzing the biofilm at the bacterial level, we

336

showed that actually only few bacteria (around 1%) located within the depth of the biofilm

337

activated the two promoters, PintI1 and PsfiA, at a strong level. FACS analyzes were more

338

sensitive than CLSM identifying 3 populations with different level of fluorescence (non-,

339

intermediate- and super-fluorescent, representing in average respectively 97%, 2% and 1% of

340

the bacteria in the biofilm; Fig. 2). However, contrary to the super-fluorescent population, in
15
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341

the intermediate population, the fluorescence did not correlate with increased PsfiA and

342

PintI1 activities, it only reflected an increase in the copy number of the ColE1-type plasmid

343

carrying the PsfiA-mcherry transcriptional reporter and the integron integrase PintI1-intI1 (Fig.

344

4). It has been shown that starvation/limitation of specific amino acids (Thr, Arg and Leu

345

among those tested) led to a rise in the copy number of ColE1-type plasmids in both relA+ and

346

relA- E. coli strains. This rise was even greater in the relA- strain than in the relA+ strain (as

347

observed in this study, Fig. 4a and S2) for starvation of specific amino acids (Ile, Thr and His)

348

[29]. These observations therefore confirmed that in the biofilm, bacteria undergo amino acid

349

limitations, and further indicated that the stronger the limitation, the higher the plasmid copy

350

number. Indeed, the super-fluorescent population which has the highest plasmid copy

351

number is the one that undergoes a sufficiently strong amino acids limitation to induce the

352

stringent response, which in turn would activate the SOS response [22,30]. FACS and RT-qPCR

353

analyses also suggested the existence of other regulation pathways different from the

354

stringent response, that could induce the SOS response, activating both PsfiA and PintI1 in the

355

super-fluorescent population of the MGDrelADspoT mutant biofilm (Fig. 5 and 6b). Biofilms of

356

E. coli DrelADspoT mutants have been found to have reduced catalase activity (i.e. lower

357

oxidative stress defense) and elevated reactive oxygen species (ROS) OH• levels [31]. ROS are

358

known to induce the SOS response [32]. However the super-fluorescent bacteria are mainly

359

located in the depth of the biofilm (Fig. 1) where the oxygen concentration is commonly low

360

[2]. Therefore, the likelihood that oxidative stress via ROS production is one of the signals that

361

induce the SOS response in the super-fluorescent population of DrelADspoT mutant biofilm

362

does not seem very likely, but would need to be investigated. Unfortunately, we could not

363

verify this hypothesis as were not able to construct an MGcherryDrelADspoT F’ mutant strain

364

to monitor and localize the PsfiA-gfp+ expression in flow-cell, as we did with the WT strain
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365

(Fig. 1). Another stress inducing the SOS response in the biofilm, could be phosphate

366

starvation, which has also been found to induce the LexA regulon [33].

367

We were surprised to find that the level of intI1 expression in the non-fluorescent DrelADspoT

368

population was significantly lower than in the non-fluorescent WT MG F’ population (Fig. 6b).

369

It indeed suggested that the basal activity of PintI1 is reduced in the non-fluorescent

370

population in the absence of (p)ppGpp (alarmones produced by RelA and SpoT upon nutrient

371

starvation). Since this effect was not observed for the PsfiA promoter, it appears to be specific

372

to PintI1 and independent of the SOS response. Interestingly, Strugeon et al. have shown that

373

in biofilm, the expression of PintI1* (PintI1 promoter with a mutated LexA-binding-site) is

374

regulated by the Lon protease, which was not the case with WT PintI1 [22]. The Lon protease

375

is known to be activated by the polyphosphate (poly-P) that accumulates upon the stringent

376

response induction. In the model proposed by Strugeon et al., the poly-P-Lon complex would

377

control the stability of an unidentified regulator of PintI1 (repressor) that would only act when

378

the PintI1 promoter is released from LexA. Thus, one could imagine that in the non-fluorescent

379

population of the DrelADspoT mutant biofilm, the basal level of poly-P-Lon is no longer

380

sufficient to ensure the degradation of the inhibitor of the derepressed PintI1 promoter. In

381

this case, the basal activity of PintI1 would decrease due to the absence of (p)ppGpp and the

382

lower level of poly-P-Lon. Another hypothesis to explain this decrease in basal PintI1 activity

383

in the DrelADspoT non-fluorescent population would be a direct effect on the transcription.

384

Indeed, (p)ppGpp regulates positively or negatively transcription initiation from specific

385

promoters by binding directly to RNA polymerase (RNAP) at two sites [34,35]. In these

386

(p)ppGpp regulated promoters, a discriminator region (region between the conserved -10

387

promoter element and the transcription start site (TSS)) with more A+T rich content was linked

388

to activated promoters [35,36]. PintI1 shares some characteristics of (p)ppGpp activated
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389

promoters (conserved bases in the -10 region, T and A bases in the discriminator region and

390

TSS [35,37]). It is tempting to assume that the intI1 promoter basal activity in the biofilm might

391

be stimulated by (p)ppGpp, but this will need to be confirmed.

392

Overall, our results showed that the regulation of integron integrase expression in biofilm is

393

complex. There are two main populations with different characteristics in the biofilm: the vast

394

majority of the bacteria expressing the SOS-regulon gene sfiA and intI1 at a basal level, which

395

for intI1 expression seems to depend on (p)ppGpp; and a minor population (1%), located in

396

the depth of the biofilm that faces amino acid limitations leading to the induction of the

397

stringent response, as well as other limitations (phosphate ?), all being endogenous stresses

398

inducing the activation of SOS-regulated promoters in this population (Fig. S3). As a result, this

399

population would be able to acquire antibiotic resistance genes via the expression of IntI1.

400

Dorr et al. showed that the formation of E. coli persisters (subpopulation of bacteria (usually

401

less than 1%) surviving in presence of high bactericidal antibiotic pressure without an increase

402

in MIC [38,39]) was induced by the SOS response after fluoroquinolone treatment [40].

403

Bernier et al. demonstrated that the tolerance of E. coli biofilm to ofloxacin depended on

404

starvation and SOS response [41]. Intriguingly, our super-fluorescent-biofilm population

405

shares several characteristics describing triggered persistence: i) it is induced upon amino

406

acids limitation (via the stringent response) and possibly other nutrients limitations, ii) it

407

represents a minor proportion (around 1%) of the biofilm and iii) both states (super-

408

fluorescence/SOS induction and persistence) are transient. Indeed, persistent bacteria, when

409

treated with bactericidal antibiotics, will regrow when diluted in an antibiotic-free media, their

410

progeny being as sensitive to drugs as the parental population. And, in our case, when grown

411

again in microfermentor, sorted super-fluorescent bacteria of the MG F’/PsfiAcherry-

412

PintI1intI1 biofilm gave rise to a new biofilm containing the same sub-populations as in the
18
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413

initial biofilm (Fig. S4). It is tempting to infer that the super-fluorescent-biofilm population

414

could be a persister population induced by endogenous stresses of the biofilm. If so, it would

415

mean that in the biofilm, the super-fluorescent population, which expresses the SOS response

416

at high level, would be both tolerant to antibiotics and ready to express antibiotic resistance

417

through gene cassettes acquisition or shuffling via the integron integrase. Furthermore, the

418

activation of the SOS response in the super-fluorescent population could also induce error-

419

prone DNA polymerases leading to mutations involved in antibiotic resistance (Fig. S3). In the

420

case of antibiotic treatment, these features would allow resistant bacteria to be readily

421

selected for. It was indeed recently shown that persisters of E. coli after fluoroquinolone

422

treatment displayed enhanced resistance toward several antibiotics following recovery from

423

treatment, and this was linked to the SOS response and the error-prone polymerase V [42].

424

It has been long supposed in clinical practice, that the main characteristic hampering biofilm

425

treatment was their thick-layered structure, limiting the penetration of antibiotics, thus

426

exposing them to sub-MIC concentrations that would facilitate the selection of antimicrobial

427

resistance. Nowadays, it is clear that biofilm endurance is multifactorial [13,43]. It was shown

428

in a P. aeruginosa biofilm that some bacteria undergo endogenous oxidative stress leading to

429

double-strand DNA breaks. The mechanisms involved in repair of these DNA breaks, which

430

were SOS-response-independent, generated genetic variations within the population,

431

conferring various selective advantages, in particular mutations that increased the emergence

432

of antibiotic resistant bacteria that could be selected for when biofilms were exposed to

433

antibiotic treatment [44]. Here we demonstrate, that in addition to its structural advantage,

434

the biofilm lifestyle promotes levels of local endogenous stresses, even in the absence of

435

antibiotic pressure, that give rise to a small population of bacteria expressing at high-level,

436

genes regulated by the SOS response. This population which shows most of the characteristics
19
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437

required for tolerance to antibiotics and for antibiotic resistance acquisition, could constitute

438

a reservoir of bacteria fully ready to rapidly resist antibiotic treatment, being the cause of

439

recurrent infections and impacting the management of nosocomial infections and antibiotic

440

treatments.
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Fig. 1: sfiA expression is heterogeneous and localized within the biofilm
a, b, c, CLSM images and section of the XZ planes of respectively MGcherry F’/pSUDtot, MGcherry
F’/pPsfiA*-gfp+ and MGcherry F’/pPsfiA-gfp+ biofilms grown for 24h at 37°C in microfluidic flow-cell
chamber. d, XY plan section of the MGcherry F’/pPsfiA-gfp+ biofilm image (c) at 5 µm depth. zstacks were generated using a Zeiss LSM 880 microscope and processed with Imaris 9.6 software
(Bitplane). Scale bar represents 30 μm. e, f, g, 1D plot representing the total number of green and
red fluorescent bacteria in the biofilm as a function of their X-position, Y-position and Z-position
respectively. Boxplots are designed as median, the lower quartile (Q1) and the upper quartile (Q3).
Whiskers are extended to the extreme data points. All images are representative of one position
among 10 taken for each condition. Experiments were done in triplicate.
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Fig. 2. Quantification of cells expressing sfiA in biofilm
Flow cytometry dot-plot analyses of a 24h-old biofilm of strain (a) MG F’/pSUDtot, (b) MG
F’/pPsfiA*cherry-PintI1intI1 and (c) MG F’/pPsfiAcherry-PintI1intI1 grown in continuous culture in
microfermentor. Counting was performed after one hour of aerobic fluorescence recovery at room
temperature. The black square delimits the cherry-positive population (cherry +) based on the non fluorescent strain MG F’/pSUDtot (panel a), and the red rectangle defines the cherry-super-fluorescent
population (super Fluo) based on derepressed cherry expression in strain MG F’/ pPsfiA*cherryPintI1intI1 (panel b). The data represent one representative experimental replicate.

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.03.467100; this version posted November 3, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fig. 3. Differential expression of mcherry, intI1 and sfiA in biofilm subpopulations
Expression ratio of mcherry, intI1 and sfiA transcripts from initial culture (dark pink) and sorted
sub-populations (non-fluorescent (light pink), intermediate (medium pink) and super-fluorescent
(red)) of a 24-old biofilm of MG F’/ pPsfiAcherry-PintI1intI1 grown in microfermentor. Relative
quantification of mcherry, intI1 and sfiA was performed using the 2-DDCt method, the transcript
number of each gene was normalized to the endogenous gyrB gene and calibrated to the nonfluorescent population. Data are the average of transcripts levels measured from 6 independent
sorting experiments. Errors bars indicate the SD. Asterisks indicate significant difference: **
p<0.01; ns: non-significant (Wilcoxon test).
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Fig. 4: Impact of the variation in plasmid copy number in the biofilm subpopulations on mcherry and intI1 expression level
a, The plasmid copy number was estimated by calculating the ratio of gene copies number of
plasmidic mcherry over chromosomal gyrB for each sorted sub-populations from a 24h-old biofilm
of MG F’/ pPsfiAcherry-PintI1intI1 strain grown in microfermentor. b, Expression ratio of aph(3')-IIa
transcripts from sorted sub-populations NF, inter and super + (same biofilm as in a). Relative
quantification of aph(3')-II (gene encoding kanamycin resistance carried on the same plasmid as
mcherry) was performed using the 2-DDCt method, with normalization to the endogenous gyrB gene
and calibration to the non-fluorescent population. c, Expression ratio of mcherry and intI1
transcripts in sorted sub-populations, NF, inter and super +. Relative quantification of mcherry and
intI1 was performed using the 2-DDCt method, with normalization to the aph(3')-IIa gene and
calibration to the non-fluorescent population. NF (non-fluorescent; light pink), inter (intermediate;
medium pink) and SF (super-fluorescent; red) sub-populations. Data are the average of gene
copies number or transcripts levels measured from 6 independent sorting experiments: Average
and standard deviation are shown as black lines (a and c), errors bars indicate the SD (b).
Asterisks indicate significant difference: * p<0.05; **** p<0.0001; ns: non-significant (Wilcoxon test).
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a
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Fig. 5: Comparison of cherry expression level in biofilm and planktonic
conditions, and effect of the stringent response on mcherry expression in
biofilm
Proportion (%) of cherry-super-fluorescent populations in (a) biofilm (B, orange) and
planktonic (P, blue) cultures of the MG F’/pPsfiAcherry-PintI1intI1 strain; (b) in biofilm of MG
F’ and MGDrelADspoT F’ strains carrying plasmid pPsfiAcherry-PintI1intI1. Data are the
average of at least 12 independent cultures. Asterisks indicate significant difference between
biofilm and planktonic conditions (a) or between MG and MGDrelADspoT (b); *** p<0.001
(Mann-Whitney U-test (a) or Wilcoxon test (b)). Average and standard deviation are shown
as black lines.
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Fig. 6: The stringent response induces the expression of sfiA, mcherry
and intI1 in the biofilm super-fluorescent subpopulations.
Expression ratio of (a) sfiA, (b) mcherry and intI1 transcripts number in non-fluorescent
(NF; light pink) and super-fluorescent (SF; red) sorted sub-populations of 24-old
biofilms of MG F’ (circle) and MGDrelADspoT F’/ (triangle) strains carrying
pPsfiAcherry-PintI1intI1. Relative quantification of mcherry, intI1 and sfiA was
performed using the 2-DDCt method. The number of mcherry and intI1 transcripts was
normalized to that of Kana gene (constitutively expressed from the plasmid) to take in
to account plasmid number variation; the transcripts number of chromosomal sfiA gene
was normalized to the endogenous gyrB gene. The calibrator was MG F’/ pPsfiAcherryPintI1intI1 non-fluorescent sub-population. Data are the average of transcripts levels
measured from at least 6 independent sorting experiments. *** p<0.001; ** p<0.01; ns:
non-significant; Mann-Whitney U-test (comparison of WT MG F’ vs MGDrelADspoT F’)
or Wilcoxon test (comparison of NF and SF populations of the same biofilm). Average
and standard deviation are shown as black lines.
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Table 1: Strains and plasmids used in this study
Strains and plasmids

Genotype or description

Reference or use

E. coli Strains
MG1656 F’

lacZ null derivative of E. coli MG1655 carrying the F’

[45]

plasmid
NEB 5-alpha F= Iq

F= proA_B_ lacIq _(lacZ)M15 zzf::Tn10

New England

(Tetr)/fhuA2_(argF-lacZ)U169 phoA glnV44

Biolabs, Evry,

_80_(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1

France

hsdR17
MG1656Δcpxl::km-frt

cpxl gene replaced by the km-frt cassette in strain

[46]

MG1655
MG1656latt::mcherry F’

Insertion, at the latt site, of the mcherry gene under

This study

the control of the constitutive lpR promoter
MG1656DrelADspoT F’

Deletion of relA and spoT in MG1656

[22]

l-red recombination system expression plasmid

[47]

Plasmids
pKOBEGA

Vector carrying the flp gene encoding the FLP
pCP20

recombinase specific to FRT sites, thermosensitive;

[48]

Ampr Cmr
pZE1-intI1

intI1 gene under the control of its own promoter;

This study

Ampr
pSU38DtotlacZ

Vector carrying the lacZ coding sequence with no

[49]

31
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translation initiation region nor promoter; Kmr
pSU38PsfiAlacZ

sfiA promoter cloned into pSU38DtotlacZ; lacZ under

[22]

the control of PsfiA; Kmr
pSU38PsfiA*lacZ

sfiA promoter cloned into pSU38DtotlacZ; lacZ under

Laboratory

the control of PsfiA*, PsfiA carrying the mutation

collection

LexAmut2 in the LexA box, inhibiting LexA binding
and leading to constitutive expression [20]; Kmr
F’

F’ conjugative plasmid allowing enhanced biofilm

[28]

formation; TetR
pPsfiA-gfp+

gfp+ under the control of the promoter of the sfiA

This study

gene, PsfiA; Kmr
pPsfiA*-gfp+

gfp+ under the control of PsfiA*; Kmr

pCTX2-groE-mCherry

pgroE controlling mCherry expression

pPsfiAcherry-PintI1intI1

mcherry under the control of PsfiA, and intI1 from

This study
[50]
This study

In40 class I integron under the control of its own
promoter PintI1; Kmr
pPsfiA*cherry-PintI1intI1

pPsfiAcherry-PintI1intI1 carrying the mutation

This study

LexAmut2 in the LexA box of PsfiA; Kmr
pGZA1

pUC18-mini Tn7T-Gm-PCD-gfp+; Genr, amplification

[8]

matrix for the gfp+ gene
675

32

