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12 Abstract: Functional diversity within isogenic spatially organized bacterial populations has
13 been shown to trigger emergent community properties such as stress tolerance. Taking
14  advantage of confocal laser scanning microscopy combined with a transcriptional fluorescent
15  fusion reporting at single cell scale the expression of the glutamic acid decarboxylase gadB in
16 E. coli O157:H7, it was possible to visualize for the first-time spatial patterns of bacterial
17  gene expression in microcolonies grown in a gelled matrix. The gadB gene is involved in E.
18  coli tolerance to acidic conditions and its strong over-expression was observed locally on the
19  periphery of embedded microcolonies grown in acidic hydrogels. This spatiaization of gadB
20 expression did not correlate with live/dead populations that appeared randomly distributed in
21  the colonies. While the planktonic population of the pathogens was eradicated by an
22 exposition to apH of 2 (HCI) for 4h, mimicking a stomachal acidic stress, bacteria grown in
23 gel-microcolonies were poorly affected by this trestment, in particular in conditions where
24  gadB was spatially overexpressed. Consegquences of these results for food safety are further
25  discussed.

26

27 Keywords: E. coli O157:H7, food matrix, microcolonies, local gene expression, gadB,

28  fluorescent transcriptional fusions, confocal laser scanning microscopy (CLSM), Food safety.
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29  Abbreviations: CLSM: stands for “Confocal Laser Scanning Microscopy”; LMPA: stands
30 for “Low Méelting Point Agarose”.

31
32 1) Introduction

33  Escherichia coli isacommensal bacterium found in the gut of mammals that plays an integral
34  part in the digestive process. However, some strains of E. coli are pathogenic and represent a
35 public health issue when they reach the production lines of food industries. Besides obvious
36  evisceration accidents contaminating the meat at the slaughter state, food contamination of
37  animal products (meat and milk products), vegetable or water usually occur through direct or
38 indirect fecal contamination . Storage conditions and holding temperature are then major
39 contributors to bacterial growth and survival in food products *. Shigatoxin (Stx) encoding
40 E.coli (STEC) are the third most common foodborne zoonosis in Europe °> and amongst
41  STEC, the serotype O157:H7 is a commonly identified agent in patients. E. coli O157:H7 are
42  enterohaemorrhagic E. coli (EHEC) responsible for bloody diarrhea when the intestinal lining
43  is broken by the presence of Stx. A possible outcome of Stx passing in the bloodstream is
44  damage to the kidneys that can lead to a hemolytic uremic syndrome (HUS), which itself lead
45  to fatal outcomesin 5% of cases °. Children are especially at risk and E. coli O157:H7 is still
46 the main cause of pediatric HUS . At the level of the European union, regulations ask for the
47  absence of this pathogen in 25g of germinated seeds (Regulation CE 209/2013, amendment
48  2073/2055), but no equivalent exist for meat products. Precautionary measures for meats exist
49 at a state level in the Union (France, DGAL/SSDSA/2016-353). However, the pathogen is
50  till routinely detected at levels above 100 CFU/g in more than 1% of all red mests, the main

51 vector of infection for this pathogen >%.

52 Structured food matrices are a continuity of heterogeneous local microenvironments
53 harboring multiple micro-gradients that can evolve with time and microbial activity °. This
54  leads bacteria cells in food matrices to face different biotopes in which their growth and
55  behavior can diverge from observations in liquid laboratory media. Therefore, environmental

56  conditions of food matrices can prompt high phenotypic diversity in microbial populations as

10,11

57 the cells adapt to local microenvironments . In comparison with their planktonic

58  counterparts, phenotypic diversity in structured communities can influence bacterial fitness

59 and behavior, such as increase expression of virulence genes **

13,14

, higher tolerance to

60 antimicrobials agents and thermal stress ****, or improved cell motility . While several
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61 studies reported emergent properties of bacterial community in food matrices a the

a 13,16-19

62 population lev , N0 experimental evidence has yet been reported on the spatial

63  heterogeneity of gene expression at the scale of single cells.

64  The stomachal phase after food ingestion exposes bacteria to strong acidic pH conditions for
65 severa hours and is credited for the highest population reduction of the bacterial load. High
66  tolerance to acidic conditions is therefore necessary for foodborne pathogens, and involved
67  systems that regulate intracellular pH. The glutamic acid decarboxylase (GAD) is one among
68 various systems of acid resistance (AR) commonly found in bacteria able to survive in
69  extreme acid conditions **. In E. coli, the GAD system is a three components system: two
70  glutamate decarboxylases, GadA and GadB, which use cytoplasmic free protons by
71 converting glutamate into y-aminobutyrate (GABA), and the glutamate/GABA antiporter
72 GadC. When the pH is below 5.6, cytoplasmic GadB migrates near the inner membrane to
73 maximize collaboration with transmembrane GadC *°. While gadA is independent in
74 chromosomic location and gadB and gadC are organized in operon, the expression of both
75 gadA and gadBC istranscriptionally regulated by RpoS, two AraC-like regulators GadX and
76  GadW, and by effectors with two inhibitors, the cyclic AMP receptor protein and H-NS. H-
77 NS and RpoS in particular determine the temporal expression, the former inhibiting gadB
78  expression, whereas RpoS promotes the transcription of gadB once the stationary phase is
79  reached %°.

80 To decipher and model fitness and behavior of E. coli O157:H7, synthetic microbial ecology
81  approaches were used in structured food matrices where the complexity of the communities
82 and the factors of influence are reduced to their minimum, but increased in their
83  controllability ?’. Such approaches have been used to describe how matrix parameters affect
84  bacterial growth and morphodynamics of microcolonies *%. In a recent contribution, we
85  have shown that the volume, distribution and sphericity of microcolonies of E. coli O157:H7
86 in hydrogel are dependent of the size of the inoculum, but also on the concentration of acids

87  and NaCl, two environmental stresses frequently encountered in food products %.

88 Inthisstudy, we took advantage of a hydrogel matrix to observe the local expression of gadB
89 inE. coli O157:H7 cells in microcolonies using confocal laser scanning microscopy (CLSM).
90 To explore the existence of patterns of expression in microcolonies, bacteria strains with a
91 dua transcriptional fluorescent reporter system were engineered to monitor the spatial
92 expression of gadB at the single cell scale. In order to relate the impact that phenotypic
93  heterogeneity in microcolonies can have on community function, the survival of

3
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94  planktonically grown cells to a strongly acidic media mimicking the stomachal passage was
95 further assessed and compared to cells grown or dispersed in hydrogels.

96 2) Material and methods
97 Bacterial strains and culture conditions

98  From cryotubes stored at -80°C, the bacterial strain of E. coli (See genetic construction) was
99  plated on Petri dishes with TSA (Tryptone Soya Agar, Oxoid, USA) and incubated overnight
100 at 37°C. One bacterial colony was picked up and inoculated in TSB (Tryptone Soya Broth,
101  Oxoid, England) before overnight incubation at 37°C under orbital shaking (200 rpm). When
102  required, growth media were supplemented with chloramphenicol (Cm 25 pg/mL;
103 EUROMEDEX, China). The strain Lactococcus lactis ssp. cremoris (Aerial N°2124) was

104  incubated in the same conditions, but without antibiotic supplementation.
105  Genetic construction

106 The E. coli 0157:H7 CM454 *3 js the wild type strain in this study. We used a T7

3233 where the

107  polymerase (T7pol) amplification technique inspired from previous reports
108  cassette T7pol::CnTt s inserted after the genetic sequence of the gene gadB using the
109  Datsenko-Wanner ** recombination technique (supplementary material Figure S1). Regions of
110 identity were added a the ends of the cassette by the forward primer:
111 5 CCGAAACTGCAGGGTATTGCCCAACAGAACAGCTTTAAACATACCTGATAACA

112  GGAGGTAAATAATGCACACGATTAACATCGC3 and reverse primer:
113 5 AAATTGTCCCGAAACGGGTTCGTTTCGGACACCGTTACCGTTAAACATGGAGTT
114 CTGAGGTCATTACTG3'. The correct insertion of T7pol::Crm in the construct was verified
115 by PCR using the forward primer 5 GGAAGACTACAAAGCCTCCC3 and reverse primer
116 5 TATTCCTGTCGGAACCGCAC3Z, for sequencing (Eurofins Genomics, Germany). Based
117 on the sequence of the pHL40 plasmid *, a new plasmid was synthetized (GeneArt,
118  ThermoFisher Scientific, Germany) bearing the Prypq:: GFPmMUt3:: Ty7p0 s @ GFP reporter but
119 modified by insertion of Pgga j23110::MCherry2::Teea soos2 (IGEM parts) for constitutive
120 expresson of a red fluorescent protein (RFP). This new plasmid, called pHL60, was
121 transformed into competent gadB::T7pol::Cm" bacterial cells. This system is an indirect
122 reporter of gadB transcription as the transcriptional fusion of gadB::T7 polymerase alows an
123 amplified production of GFP (GFPmut3) from pHL60 and normalization of the level of
124  expression respective to the constitutive expression of the RFP (mCherry2) from the same

125  plasmid, to minimize variations of the fluorescence associated with variations in the number

4
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126 of plasmids from one cell to another. To validate the genetic construction, the reporting
127  planktonic expression of gadB was tested on six pH values from 4.5 to 7.0 using a microplate
128  reader (Synergy H1, Biotek) (Supplementary material Figure S2).

129  Transparent hydrogel matrices for fluorescent imaging

130 Aspreviously described %, the hydrogel matrices were obtained by mixing TSB with 0.50 %
131 low melting point agarose (LMPA) (UltraPure Agarose, Invitrogen, USA). After boiling, the
132 liquid LMPA at neutral pH (pH=7) was cooled down to 40°C to prevent thermal stress before
133 the bacteria inoculum was added to obtain 10* CFU/mI. When necessary, the medium was
134  adjusted to acidic pH= 5 with HCI. After homogenizing and gentle stirring to avoid bubble
135  formation, the inoculated gel matrix was immediately distributed in each well of a 96-well
136  microtiter plate of microscopic grade (uClear, Greiner Bio-One, France). The microtiter plates
137  were then incubated at 20°C and observed under CLSM after 96 hours of incubation.

138 All microscopic observations were performed with a Leica HCS-SP8 confocal laser scanning
139  microscope (CLSM) at the INRAE MIMAZ2 imaging platform
140  (https://doi.org/10.15454/1.5572348210007727E12). The GFP (GFPMuUt3; Ae500; AemD13)
141 and RFP (mCherry2; 1589; Lem610) were excited respectively with laser bands 488 nm and
142 561 nm. For Live/dead exploration, SYTO9 (1e485; hemD01) and IP (hex535; Aer617) Were
143 excited respectively with laser bands 488 nm and 561 nm. Observations were carried out with
144  awater immersion 63x objective lens (numerical aperture of 1.20) for 184um x 184um fields.
145  Bidirectional acquisition speed of 600 Hz allows a frame rate of 2.3 images per second. For
146 3D stack analysis, a1 um step between z levels was used. For each condition, a minimum of
147 60 stacks were acquired in over a dozen independent wells. Microscopic images were treated
148 on IMARIS v9.64 (Bitplane, Switzerland) to generate sections and projections. Kymograms
149  reporting the spatial analysis of gadB expression in microcolonies were performed using
150  BiofilmQ v0.2.2 *. BiofilmQ image segmentation was performed with a threshold value set at
151 0.1 with cubes of 1.8 um (vox of 10). The absence of radial fluorescence gradients in
152 microcolonies of E. coli O157:H7 constitutively expressing GFP was verified prior

153  experiments with gadB expression (supplementary material Figure S3).
154  Acidic digestion challenge

155  To test the ability of E. coli O157:H7 population to survive the strong acidic stress during the
156  stomachal passage, 3 ml of planktonic cells (TSB), planktonic cells grown in TSB and then
157  encased in gel matrix (TSB-LMPA) or gel-colonies cultures (LMPA) (72h, 20°C, pH=7 or

5
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158  pH=5) were transferred in 27 ml of NaCl 9g/L saline solution (control groups) or 27 ml of a
159  saline solution adjusted with HCI (5 M) to a pH of 2. The cups were then incubated at 37°C
160 for 4 hours under a 90-rpm shaking to simulate matrix digestion. All media were then
161  homogenized to disperse bacteria (IKA Ultra-Turrax T25; Janke Kunkel) and the resulting
162  suspensions were immediately plated on agar for enumeration and determination of the log
163  reduction in CFU/mI before and after acidic treatment.

164  Statistics

165  Graphics and ANOVA variance analysis were performed with Prism 9 (GraphPed; CA,
166 USA). Differences were considered significant when P<0.05 with P being the critical
167  probability associated with the Fisher test.

168

169  3) Results
170  Spatial patterns of gadB expression in gel-microcolonies

171 Mean radius of microcolonies grown in neutral or acidic hydrogel showed little differences
172 between neutral (28 um) and acidic conditions (27 um), the repartition of populations around
173  these values was noted to not be dtatistically significant (Figure 1, obtained from
174  measurement on 40 colonies, P>0.05). However, at pH 5, microcolonies appear more circular
175 than at pH = 7 and they harbor at their edge a streamer population shedding from the colony

176  core, forming acrown around it (Figure 2).

177  Microscopic observations of the fluorescence reporting the expression of gadB in cells inside
178  microcolonies (Figure 2) show radically different patterns between the two hydrogels. In
179 neutral pH conditions, the gene is expressed at a basal level throughout the whole
180  microcolony with no specific spatial arrangement (Figure 2A, supplementary material Figure
181  $4). By contrast, the expression of gadB is strongly overexpressed in the periphery of the
182  colonies formed in acidic hydrogel (Figure 2B, supplementary material Figure $4). Those
183  qualitative observations were reinforced by a quantitative exploration of the radial distribution
184  of gadB expression (Figure 3). For both hydrogels, the genetic expression is monitored by the
185  green fluorescent intensity normalized with the red constitutive fluorescent intensity. 3D
186  kymographs integrating 40 independent microcolonies (X-axis) for each condition represent

187 in color code gadB transcription from the center of the microcolony (Y-axis, dew=0 pm) to
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188  the edges of the colonies and beyond. Where in neutral pH hydrogel gadB expression is low
189 and amost constant over the radius of the microcolonies (Figure 3A), acidic hydrogels
190 present a sharp band of gadB over-expression in between 25 and 30 um from the center of the
191  microcolonies (Figure 3B). This is consistent with the observed spatial expression as the
192 radius of the microcolonies is 27-28 um (£5 pum) in these experimental conditions.
193  Interestingly, when microcolonies merge as they grow, they behave like a single colony in
194  regard to the peripheral gadB spatial expression. Similarly, if two microcolonies are in near
195  contact, the two sides facing each other do not present an over-expression of gadB or the
196  shedding of single cells visible in other areas of the periphery (supplementary material Figure
197  S5).

198  Control experiments performed with a constitutive expression of the green fluorescence
199  protein did not show the spatialization of the expression as presented above (supplementary
200 material Figure S3). A time-course microscopic analysis alows the observation of gadB
201  expression spatialization in acidic hydrogels as early as microcolonies become visible under
202  the microscope, ~48h after inoculation (data not shown). Finaly, the spatial repartition of
203  dead cellsin gel-microcolonies as shown by live/dead fluorescent staining indicated a random
204  distribution of the red dead cells, with no preferential localization in the microcolonies

205  associated with cells expressing gadB (supplementary material Figure S6).

206  Following those results, E. coli O157:H7 was then cultured in the presence of Lactococcus
207  lactis ssp. cremoris (Figure 4). The ability of L. lactis to produce in-situ lactic acid is used to
208 replicate the natural acidification of food matrix containing L. lactis (cheese), or where a
209  progressive accumulation of lactic acid occurs (meat). Exploration of the hydrogel was
210 performed 72-96h after inoculation. Contrary to observations where lactic acid is added in the
211 hydrogel preparation *°, microcolonies of E. coli O157:H7 are present and possess the same
212 morphology as seen in mono-cultures in the acidic condition (Figure 4A). Close up on 50 pm
213 thick slices of microcolonies of E. coli O157:H7 in close proximity to microcolonies of L.
214  Lactis clearly shows the same spatial patterns of gadB expression as previously encountered

215  for the mono-cultures in acidic media (Figure 4B).
216

217
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219  Figure 1: Radius of the microcolonies. Representation of the radius of the microcolonies in

218

220 pm, the width of each figure represents the concentration of the number of values. For each
221  case, the slashed line is the mean value of radius, and dotted lines delimit the 75 % probability

222 interval. Radius values were calculated from 40 independent microcolonies.
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A LMPA pH 7

5pum thick slices

5pm thick slices

B LMPApH 5

224

225 Figure 2: Representative images of gadB spatial patterns of expression for E. coli
226 O157:H7 cultivated in neutral (pH=7) or acidic (pH=5) hydrogels. A series of 5um slices
227  of microcolonies is presented in control LMPA pH=7 (A) and the acid matrix LMPA pH=5
228  (B). Thered fluorescence is constitutive and the green fluorescence is expressed as a function
229  of gadB transcription. Supplementary material Figure S3 presents the same representation for

230 acontrol constitutive GFP expression in both conditions.
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232 Figure 3: Relative expression of gadB in function of the distance from the center of
233 microcolony. In this representation, the relative gadB expression is expressed as the ratio of
234  green fluorescence intensity over red fluorescent intensity (GFP reporter/RFP constitutive) in
235  function of the distance from the center of the microcolony (dcy) for forty microcolonies
236 growninneutral (A) or acidic hydrogels (B).
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238 E. coli + L. lactis

239

240  Figure 4: Spatial patterns of expression of gadB for E. coli O157:H7 in the presence of
241  Lactococcus lactis ssp. cremoris, cultivated at neutral pH in hydrogels. (A) Visualization
242 at 96h of microcolonies of E. coli 0157:H7 co-inoculated from 10°CFU/mI to 10°CFU/ml,
243 with L. lactis inoculated a 10°CFU/m, in a hydrogel at neutral pH. The red fluorescence is
244  constitutive and the green fluorescence is expressed as a function of gadB transcription. (B)
245  Microcolonies of E. coli O157:H7 close or in contact with L. lactis microcolonies. The two
246 rightmost pictures were taken at 96h and the one on the left at 72h. L. lactis microcolonies are
247  visualized in the bottom images thanks to the transmission detection (indicated by white

248 arrows).
249
250 Increased survival to acidic stomachal stress of E. coli grown in gel-microcolonies

251  As the capacity of survival to stomachal acidic stress of E. coli O157:H7 populations is of
252 interest for public health safety, the acid resistance of bacteria grown planktonically or in

253  hydrogel matrices was evaluated by enumeration on agar after acid stress.
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254  Cultures of E. coli O157:H7 adjusted to 10* CFU/ml were incubated at neutral (pH=7) or acid
255  pH (pH=5) in either TSB or LMPA. After 96h of incubation at 20°C, the populations reached
256  values of log CFU/mI of 9.4/9.6 in TSB at pH neutral/acid and 9.5/8.6 in LMPA at pH
257  neutral/acid.

258  Bacteriagrown in planktonic conditions (TSB) were highly sensitive to the 4-hours exposition
259  to pH=2 with atotal loss of the culturable population (9 log reduction) (Figure 5). In contrast,
260 cells grown as spatially organized colonies in LMPA for 96h presented a statistically high
261 tolerance to this strong acidic stress (P<0.05). The best tolerance was observed for the
262  microcolonies incubated at a pH of 5 with a log reduction as low as 0.29 log CFU/ml,
263  dStatisticaly significantly lower than the reduction observed for microcolonies incubated at
264  neutral pH, where the log reduction is 0.78 CFU/ml (P<0.05). To test for interferences of the
265 hydrogel to bacteria acidic stress, planktonic populations cultivated in TSB were encased in
266 LMPA just before the survival test. Log reduction of these control planktonic populations
267 suspended in LMPA presented significant similar sengitivity than planktonic TSB culture
268  (P>0.05), indicating no buffering effect of agarose to stomachal acidic stress.
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Reduction of population in acidic condition
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271 Figure5: Population log- reduction of planktonic culturesand hydrogel microcolonies of
272 E. coli O157:H7 upon acidic exposur e. Bacterial cells were exposed for 4 hours at apH of 2
273 (HCI). Representation of the mean reduction of population log between the control and
274  surviva groups. Bacteria incubated and tested in planktonic are on the top (TSB), those
275  incubated in planktonic but encased in hydrogels before the test are on the middle (TSB-
276  LMPA), and the results for populations incubated and tested in hydrogels are on the bottom
277 (LMPA). A star indicates a significant difference between values (P<0.05). Data resulted
278  from at least six biological replicates.
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279  4) Discussion

280  The behavior of microbial population in laboratory liquid growth media can strongly deviate
281  from what is observed in real solid food matrices *3***°. The environmental heterogeneity of
282  structured mediais listed as one of the four main causes of cellular variation, among genetic
283  variation, aging and stochasticity of gene expression **. As such, it can trigger a large
284  diversity of phenotypic cell expression in the same biotope, promoting the cohabitation of
285  cells with different spectra of behaviors, such as stress response or virulence ***®, Structured
286  food are not an optimal medium from an exploration perspective as the opacity of numerous
287 food matrices prevents live imaging and microscopic approaches. To overcome these
288 limitations, several studies take advantage of synthetic hydrogelled systems to simplify and
289  control the parameters of growth of embedded bacteria. Here, low melting point agarose is
290 used as agelling agent in which cells can be dispersed without thermal stress and with tunable
291  textures and media compositions. Thus, in a recent contribution, we have been able to mimic
292 thetexture of various food environments such as grounded meat or cheese . The experiments
293  presented in this work show that the morphology of microcolonies in the media
294  complemented with HCI are different from the neutral pH control, in particular bacteria are
295  shedding from the periphery of the microcolonies. This effect can be explained by a combined
296  action of relaxed gel structures due to low pH and the higher motility of E. coli O157:H7

297  when acidic conditions are encountered °*,

298 In this study, we observed a clear overexpression of gadB for a subpopulation of cells
299 localized in the periphery of microcolonies formed in acidic hydrogels. This gene is
300 overexpressed at levels 2-3 times higher than in neutral conditions, which is in accordance
301  with results obtained in planktonic conditions (Supplementary materid Figure S2). We
302 confirmed that this spatiaization was neither associated with dead cells (supplementary
303 material Figure S6), nor a limitation of oxygen for GFP maturation in the center of the
304  microcolony (supplementary material Figure S3). The use of a single plasmid bearing both the
305  genesfor the constitutive and induced fluorescence means that, at the image analysis step, we
306 prevented bias due to differencesin plasmid copy numbers or differencesin coloration from a
307 mix of dye/genetic reporters . The use of two lasers with different properties of matrix
308 penetration could lead to abiasin the Z axis, but 3D analysis of al the cellsin a microcolony
309 reducesthe bias as any offset at the bottom of the agglomerate is compensated by an opposite
310 offset at the top.
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311  Spatial patterns of genetic expression were previously reported for other genes in other
312  bacterial species in surface biofilms either on solid or liquid, such as locaized expression of
313 E. coli sigma factors and type 1 pili, as well as Pseudomonas aeruginosa -lactamase in
314 biofilms ***. To our knowledge, such patterns of gene expression were never reported in
315 food or hydrogel matrices. Last experiments of co-cultures of E. coli O157:H7 and L. lactis
316  demonstrate that the pattern of gadB expression could naturally occur in food matrix through
317  aprogressive accumulation and diffusion of lactic acid in the media, such asin cheese or meat

318  products.

319  Then, we explored the consequences of growing populations in a structured media in regards
320  of survival to an exposition to low pH media. Results showed that, regardless of theinitial pH,
321  populations incubated in a semi-solid media have a better tolerance to acid stress than those
322 grown in liquid broths, where no surviving cells were detected. This underlines limitations in
323  modeling food-borne pathogens behavior in food from data obtained in liquid conditions, as

324 previously shown in other studies'®3"%,

325 It has been suggested from other studies that the components of the matrix could have a buffer
326 effect that protects embedded cells by preventing the drop in pH. Our tests show that
327  planktonic populations dispersed in hydrogel did not present the same survival fitness that
328 those cultivated as microcolonies in the same hydrogel. The hypothesis of a buffer effect due
329 to hydrogel interference was tested for bacteria incubated in hydrogel and it was statistically
330 rejected. This is supported by another study in a gelified dairy matrix, where food related
331  bacteria were dispersed without incubation in the gel before application of the acidic stress. It
332 was reported that no protective effect existed compared to the same conditions in liquid media

333 %

334 A parameter that could explain this difference of survival between the populations incubated
335 or not in the hydrogels would be the spatial organization of cells. The hydrogels showed
336 evidence of deliquescence such as unraveling of filaments and loss of stiffness but maintained
337 enough structural integrity to ensure the microcolonies did not disperse. The ability of
338  spatially organized populations of bacterial cells to better survive acid stress was described for
339  pathogenic bacteria but aso for auxiliary microbiota and probiotics, such as Lactobacillus
340  strains °*2. The bacteria could secrete extracellular polymeric substances (EPS) when grown
341 in communities as described in biofilms ****. For E. coli O157:H7, tolerance of the bacteriato
342 low pH could further involve the DNA binding protein Dps which is known to enhance
343 survivability when local nutrients are exhausted *°.
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344  From this study in ahydrogel matrix, gadB appeared to be more expressed at the periphery of
345 the E. coli O157:H7 microcolonies in acidic conditions. This correlated with an increased
346  tolerance to the type of acid stress that can be encountered by bacterial cells after ingestion of
347 food. These findings are of interest for public health as they underline possible differences
348  between liquid and solid food products on the infectious dose and bacterial virulence. In this
349  case, the tolerance to acidity could mean an increase in the bacterial load that can survive in
350 the digestive system as well as a phenotype more likely to colonize the gut lining. In order to
351 alleviate public health issues, differences in bacterial behavior in planktonic conditions versus
352 microcolonies could be considered when integrating phenotypic heterogeneity in risk
353  assessment. Modeling pathogens growth and survival should take in account the gelled
354  environments where the spatialization of genetic expression and its resulting populational

355  effects could deeply affect pathogens behavior and virulence after ingestion.
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527  Supplementary materials
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532  Figure Sl1: Strategy of the genetic constr uctions. (A) chromosome of E. coli O157:H7 with
533 azoom on the region of the insert and how the different CDS are present in this situation. The
534  cassette bearing the T7 polymerase (in turquoise) and resistance gene cmi (in brown) is
535 elongated by PCR with two primers (gadBt7_FW and gadBt7_RV) so that a homology
536  sequence exists with insertion site. This site is located between the gene interest gadB (in
537  blue) and gadC (in yellow). On theright the low copy plasmid pHL60 bearing the fluorophore
538 encoding genes is represented. It contains the constitutively expressed mCherry2 (in red)
539  sequence and gfpmut3 (in green) under the control of the T7 pol promoter (in purple), as well

540  asagentamicin resistance gene g’ (in pink).
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543  Figure S2: Relative expression of gadB in a population in function of time and under
544  different acidity levels. The fluorescence of planktonic populations of E. coli O157:H7
545 gadB::GFP are represented in function of the ODggo. For each curve representing the mean
546  signal over time, the standard deviation of values is shown as an area of lighter color. These
547  curves show that detected fluorescence becomes incrementally brighter with decreasing pHs.
548  Therisein expressed fluorescence is not linear with greater leaps of intensity below pH=6.0.
549  Points over time show that fluorescence intensity at pH 4.5 can be 3-4 times higher than
550  reported values for the pH=7.0 control. The lag time before the green fluorescence is detected
551 ishigh at pH 7.0 (15 hours) compared to pH=5.5 where it starts after eight hours. In media
552 pH=5.0 and pH=4.5, the lag time becomes progressively longer (12 then 14 hours).

25


https://doi.org/10.1101/2023.02.16.528592
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528592; this version posted February 16, 2023. 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.
- -
LMPA pH5 5um thick slice

553 ---

554

LMPA pH 7 5um thick slice

555 Figure S3: Qualitative presentation of the constitutive GFP spatial expression in
556  microcolonies at pH=7 or pH=5. A control group with a constitutive GFP to verify that at
557  pH=7 (up) and/or pH=5 (down) the fluorescence of the green fluorescence is not already

558  spatialized. Each imageisa5um slice of a stack.
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560 Figure $4: Qualitative presentation of gadB spatial expression in microcolonies at pH=7
561 or pH=5. Microscopic observations of the expression of gadB in the control LMPA pH=7
562  (top) and in the acid matrix LMPA pH=5 (bottom). For both groups, the 2 successive rows
563 use a 40X then a 63X objective to present a collection of microcolonies and a close
564  observation of a single example. Each image is shown as a 3-dimensional representation
565  (leftmost column) and in each case a series of 5 um slices show both fluorescent channels

566  (middles columns) and the overlay (Rightmost column). The first row of each condition was
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567 taken with a 40x air objective (numerical aperture = 0.85) to explore a 290 um x 290 um
568  fields.

LMPA pH 5

569

570 Figure S5: The case of joint microcolonies. Examples where two microcolonies of E. coli
571  O157:H7 are touching or merging in LMPA pH=5. White arrows indicate the separation

572  between each microcolonies.
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573
574 Figure S6: Live/Dead staining in the gel microcolonies. Bacterial cells in microcolonies
575 grown in neutral (left side) or acidic (right side) were labeled with the cell impermeant
576  propidium iodine (red, dead cells) and the cell permeant SYTO 9 (Green, al cells).
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