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ABSTRACT 23 

The interaction between a cell and its environment shapes fundamental intracellular processes 24 

such as cellular metabolism. In most cases growth rate is treated as a proximal metric for 25 

understanding the cellular metabolic status. However, changes in growth rate might not reflect 26 

metabolic variations in individuals responding to environmental fluctuations. Here we use 27 

single-cell microfluidics-microscopy combined with transcriptomics, proteomics and 28 

mathematical modelling to quantify the accumulation of glucose within Escherichia coli cells. 29 

In contrast to the current consensus, we reveal that environmental conditions which are 30 

comparatively unfavourable for growth, where both nutrients and salinity are depleted, increase 31 

glucose accumulation rates in individual bacteria and population subsets. We find that these 32 

changes in metabolic function are underpinned by variations at the translational and 33 

posttranslational level but not at the transcriptional level and are not dictated by changes in cell 34 

size. The metabolic response-characteristics identified greatly advance our fundamental 35 

understanding of the interactions between bacteria and their environment and have important 36 

ramifications when investigating cellular processes where salinity plays an important role.  37 
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INTRODUCTION 38 

All core metabolic networks require the uptake and utilization of carbon sources. Such function 39 

is variant, adaptable and in the process of being precisely shaped by natural selection as many 40 

heterotrophic organisms need to adapt their metabolic capabilities to dwell in scarce nutrient 41 

environments[1–4]. In the case of bacteria, sugars often represent the primary driving force for 42 

growth; they are used to power replication, to make storage compounds, and/or for the 43 

production of secondary metabolites that further dictate metabolic function[5,6]. Glucose is 44 

commonly employed to investigate the regulation of sugar uptake and metabolism in 45 

bacteria[7]. In fact, many bacterial species primarily use glucose when exposed to nutrient 46 

mixtures[8,9] and have evolved several independent ways of acquiring glucose from the 47 

environment, as characterised by hundreds of variant glucose transport systems[8].  48 

In gram-negative bacteria, such as Escherichia coli, glucose passively diffuses through 49 

outer membrane porins whose expression is regulated both at the transcriptional and 50 

translational level[10–12]. Glucose then crosses the E. coli inner membrane via five different 51 

permeases including the glucose and mannose phosphotransferase systems (PTS)[8],[13]. Once 52 

in the cytoplasm glucose is phosphorylated to glucose-6-phosphate that is broken down to 53 

pyruvate, this in turn is metabolised to acetyl-CoA which then enters the citric acid cycle[14] 54 

generating ATP. At micromolar extracellular concentrations, glucose and its fluorescent 55 

analogue 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) 56 

transiently accumulate intracellularly as a result of concomitant uptake and degradation 57 

processes15. Seminal experiments carried out in chemostats suggest that glucose uptake 58 

increases with cell surface area[5,15–17] and it is heterogeneous within clonal E. coli 59 

populations.  60 

These insights were obtained by employing bacteria growing in optimal conditions or 61 

at low nutrient levels[15]. In contrast, in natural environments changes in other parameters are 62 
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common place[18–24]. For example, the salinity of aquatic ecosystems is changing 63 

worldwide[25], it has been rated as one of the most important environmental changes[26] and 64 

can have a profound impact on microbial growth and infectivity[27,28], thus affecting 65 

biodiversity[29]. Salinity is decreasing in naturally saline ecosystems due to increased 66 

agricultural drainages and unusual wind patterns[30], whereas the salinity of freshwater 67 

ecosystems is increasing due to de-icing or salt mining (up to 97% increase[29]), along with 68 

climatic aridification and rising sea levels[25]. Furthermore, salinity can dramatically change 69 

across different bodily environments with a ~7-fold decrease in NaCl content from the colon 70 

to the ileum (i.e from 6.1 to 0.9 g/L)[31–33] or across different humans with a 40% increase in 71 

the lungs of cystic fibrosis patients[34]. These salinity variations often occur concomitantly 72 

other environmental variations, such as changes in temperature, pH or nutrient levels, which 73 

can result in additive, antagonistic or synergistic effects on microbes including Escherichia 74 

coli[35,36]. Variations in temperature or content of metals have frequently been investigated 75 

in combination with salinity, whereas changes in the nutrient-salinity pair has received less 76 

attention[35]. Understanding and predicting the effects of multiple environmental variations 77 

on the phenotypic diversity in microbial traits, such as metabolic rates, is critical for unravelling 78 

how microbes function in their environment. 79 

Here we study the diversity in glucose metabolism within clonal E. coli populations 80 

and show that simultaneous extracellular nutrient and salt depletion synergistically enhance 81 

glucose metabolism. These single-cell traits are not displayed when bacteria are exposed to 82 

nutritional or salinity depletion alone, demonstrating that the effect of these environmental 83 

changes on glucose metabolism is not additive. These changes in metabolic function are 84 

underpinned by variations at the translational and posttranslational level but not at the 85 

transcriptional level and are not dictated by changes in cell size. These findings offer unique 86 

understanding of the interaction between a cell and its environment and will inform modelling 87 
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metabolic flux across bacterial populations[6], adjusting process parameters in biotechnology, 88 

food preservation or metabolic engineering[37] and optimizing treatment with antibiotics that 89 

utilize sugar uptake pathways to reach their intracellular target[38–40]. 90 

 91 

RESULTS 92 

Experimental assessment of glucose accumulation and degradation in individual bacteria 93 

In order to quantify glucose uptake and accumulation in individual bacteria, we introduced a 94 

clonal E. coli population into a microfluidic mother machine device[41]. This device is 95 

equipped with a large microfluidic chamber for bacteria loading and media delivery via 96 

pressure-driven microfluidics, connected with thousands of bacteria hosting channels with 97 

cross section comparable to individual bacteria (inset in Fig. 1). 98 

 99 

Figure 1. Experimental assessment of glucose accumulation and degradation in 100 
individual bacteria. Temporal dependence of the intracellular fluorescence of the glucose 101 
analogue 2-NBDG in five representative E. coli cells confined in the bacterial hosting channels 102 
of the microfluidic mother machine. The dashed line represents the fluorescence of the 103 
extracellular 2-NBDG in the bacterial hosting channels. Noteworthy, we measured 2-NBDG 104 
fluorescence as the mean fluorescent values of each pixel constituting each bacterium, thus 105 
normalizing by cell size. Insets from left to right: brightfield image of the five bacteria at t=0 s 106 
when the fluorescent glucose analogue is added to the mother machine; corresponding image 107 
in the green fluorescent channel; saturation of 2-NBDG intracellular fluorescence levels at 108 
t=900 s followed by removal of extracellular 2-NBDG at t=1200 s; complete degradation of 109 
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intracellular 2-NBDG leading to intracellular fluorescence down to background levels by 110 
t=2000 s. Scale bar: 5 µm.  111 
 112 
We then added 30 µM 2-NBDG (i.e. a fluorescent glucose analogue) dissolved in glucose-free 113 

M9 medium[5,15] in the microfluidic chamber while measuring its diffusion in the bacteria 114 

hosting channels over time (dashed line in Fig. 1). We measured a progressive increase in the 115 

fluorescence of individual bacteria that quickly became brighter than the channel fluorescence 116 

(solid lines in Fig. 1 and insets) demonstrating higher intracellular compared to extracellular 2-117 

NBDG concentration. This was due to the uptake of 2-NBDG and subsequent accumulation in 118 

single bacteria up to a steady-state[5,15,42,43]. This hyperbolic accumulation kinetics 119 

indicated the presence of a sink term, namely intracellular phosphorylation of 2-NBDG and its 120 

degradation by E. coli, processes that are comparable between glucose and 2-NBDG[5,42].  121 

To gain further insight of the dynamics of this degradation process, the extracellular 2-122 

NBDG was washed away from the microfluidic chamber at t=1200 s and replaced with fresh 123 

LB medium. Consequently, we measured an exponential decrease in the fluorescence of both 124 

the bacteria hosting channels and of each bacterium (dashed and solid lines, respectively, in 125 

Fig. 1 and insets). This rapid decrease could not be accounted for by dilution due to cell 126 

growth[5,44]. 127 

In order to quantify phenotypic heterogeneity in glucose accumulation, we evaluated 128 

the coefficient of variation (CV, the ratio between the standard deviation and the mean) of 129 

single-bacterium 2-NBDG fluorescence values across the clonal population at each time point. 130 

We verified that this heterogeneity could not be attributed to anisotropy in 2-NBDG 131 

concentration within the bacteria hosting channels (Fig. S1 and Table S1)[41]. 132 

 133 

Glucose accumulation is maximal under simultaneous nutritional and salinity depletion 134 

We then used the experimental approach above to determine the impact of nutritional and 135 

salinity depletion on glucose accumulation. We pre-cultured E. coli in three environments with 136 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 7, 2022. ; https://doi.org/10.1101/2022.01.26.477826doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.26.477826
http://creativecommons.org/licenses/by-nd/4.0/


 7 

three different salt contents broadly recapitulating the salinity encountered by bacteria in 137 

mesohaline (10 g/L NaCl), oligohaline (5 g/L NaCl) or fresh (0.5 g/L NaCl) water[29]. These 138 

salinity variations also approximate the NaCl concentration faced by bacteria in the colonic or 139 

the ileal environment (6.1 and 0.9 g/L NaCl, respectively)[32]. Moreover, at the lowest salinity, 140 

ion availability can become a rate-limiting factor[45,46]. In each environment, E. coli were 141 

firstly pre-cultured overnight in LB (at the appropriate salinity) and then for either 3 or 17 h in 142 

fresh LB (or M9 medium at the same salinity, see below) for optimal growth or nutrient 143 

depletion[47], respectively (see Methods). 144 

Exposing E. coli to nutrient depletion alone (i.e. 17 h growth in 10 g/L NaCl LB), 145 

favoured a steeper increase in intracellular 2-NBDG, compared to optimal growth conditions 146 

(i.e. 3 h growth in 10 g/L NaCl LB) with a mean fluorescence of 417 and 250 a.u. after 300 s 147 

incubation in 2-NBDG (Fig. 2b and 2a, respectively, ****, Table S2 and S3). However, 148 

nutrient depletion alone did not significantly affect 2-NBDG accumulation at steady state with 149 

a mean fluorescence of 740 and 733 a.u., respectively, at t=900 s (n.s., Table S2 and S3).  150 

Exposing E. coli to salinity depletion alone (i.e. 3 h growth in 0.5 g/L NaCl LB), caused 151 

a less steep intracellular 2-NBDG increase, compared to optimal growth conditions, with a 152 

mean fluorescence of 148 and 250 a.u. after 300 s incubation in 2-NBDG (Fig. 2c and 2a, 153 

respectively, ****, Table S2 and S3). Moreover, salt depletion also significantly reduced 2-154 

NBDG accumulation at steady state with a mean fluorescence of 373 and 733 a.u., respectively, 155 

at t=900 s (****).  156 

In striking contrast with the findings above, simultaneous exposure to nutritional and 157 

salinity depletion (i.e. 17 h growth in 0.5 g/L NaCl LB) caused a steeper intracellular 2-NBDG 158 

increase, compared to optimal growth conditions, with a mean fluorescence of 720 and 250 159 

a.u. after 300 s incubation in 2-NBDG (Fig. 2d and 2a, respectively, ****, Table S2 and S3). 160 

Moreover, combined nutrient and salt depletion also significantly enhanced 2-NBDG 161 
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accumulation at steady state with a mean fluorescence of 1714 and 733 a.u. at t=900 s, 162 

respectively (****, Table S2 and S3). These findings were further confirmed via separate flow 163 

cytometry measurements (red and black bars in Fig. S2, ****). 164 

 165 

Figure 2. Glucose accumulation is greatest under combined nutritional and salinity 166 
depletion. Temporal dependence of the mean intracellular fluorescence of the glucose 167 
analogue 2-NBDG in individual E. coli under a) optimal growth conditions, b) nutrient 168 
depletion, c) salt depletion or d) combined nutrient and salt depletion. Lines are temporal 169 
dependences of the intracellular fluorescence of individual bacteria collated from biological 170 
triplicate. Symbols and error bars are the corresponding means and standard error of the means 171 
of such single-cell measurements. Noteworthy, we measured the 2-NBDG fluorescence as the 172 
mean fluorescent values of each pixel constituting each bacterium, thus normalizing by cell 173 
size. Coefficient of variations of these single-cell values and statistical tests of quantitative 174 
comparisons of values between different environments are reported in Table S2 and S3, 175 
respectively. Corresponding 2-NBDG intracellular fluorescence values during the removal of 176 
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extracellular 2-NBDG are reported in Fig. S5. Insets: corresponding fluorescence images at 177 
t=900s when the intracellular 2-NBDG accumulation has reached saturation levels in 178 
individual bacteria. Measurements were carried out on N=76, 38, 90 and 46 individual bacteria, 179 
in a)-d), respectively. Salinity-dependent distribution of single-cell fluorescence after 900 s 180 
incubation in 2-NBDG in e) nutrient-rich or f) nutrient-depleted environments. Dashed and 181 
dotted lines indicate the median and quartiles of each distribution, respectively. g) Temporal 182 
dependence of the extracellular glucose concentration for E. coli under nutrient (green 183 
diamonds) or nutrient and salt depletion (red squares). N=3 biological replicates for each 184 
environment. The dashed dotted and dashed lines are one phase exponential decay fittings to 185 
the data yielding a significantly smaller time constant Tau for E. coli under combined nutrient 186 
and salt depletion compared to nutrient depletion alone (Tau = (9±1) s vs (17±1) s, respectively, 187 
*). *: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001. 188 
 189 

Moreover, we found that in nutrient-rich conditions 2-NBDG accumulation increased 190 

with salinity (Fig. 2e); on the other hand, under nutrient depletion 2-NBDG accumulation 191 

decreased with salinity (Fig. 2f). In fact, a 50% reduction in salinity (from 10 g/L down to 5 192 

g/L NaCl) led to a 145% increase in 2-NBDG accumulation with a mean fluorescence of 740 193 

and 1072 a.u. at t=900 s, respectively (***); a further 90% reduction in salinity (from 5 g/L 194 

down to 0.5 g/L NaCl, resembling the salinity change encountered during transition from the 195 

colon to the ileum[32]) led to a further 160% increase in 2-NBDG accumulation with a mean 196 

fluorescence of 1072 and 1714 a.u. at t=900 s, respectively (****). Taken together these data 197 

demonstrate that reducing the salinity content of the environment favours 2-NBDG 198 

accumulation in nutrient-poor but not in nutrient-rich environments. 199 

Next, we verified that nutrient and salt depletion also synergistically boosts glucose 200 

accumulation (as a result of uptake and degradation), and not only the glucose analogue 2-201 

NBDG. We performed plate reader based colorimetric assays on E. coli populations exposed 202 

to either nutrient, or simultaneous nutrient and salt depletion. We found that after 30 s 203 

incubation, the extracellular glucose concentration became significantly lower in E. coli that 204 

had been exposed to simultaneous nutrient and salt depletion compared to E. coli that had 205 

experienced nutrient depletion alone with a decay time constant Tau of (9.5±0.4) s and 206 

(16.7±1.2) s, respectively (*, red squares and green diamonds, respectively, in Fig. 2g). These 207 
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data therefore confirm that E. coli accumulate glucose significantly faster and to higher levels 208 

after exposure to simultaneous nutrient and salt depletion compared to exposure to nutrient 209 

depletion alone. 210 

We further confirmed that the findings above were not affected by molecular leakage 211 

through the cell membrane, cell integrity being essential for 2-NBDG uptake[5], by performing 212 

separate experiments using thioflavin T (ThT). This compound stains intracellular 213 

macromolecules[48,49] and is of comparable size to 2-NBDG. We found that, in contrast to 2-214 

NBDG, ThT accumulated to a significantly lesser extent in E. coli exposed to combined 215 

nutritional and salinity depletion compared to optimal growth conditions (Fig. S3b and S3a, 216 

red and black bars in Fig. S3c, respectively, and Table S4). Furthermore, E. coli exhibited 217 

similar growth curves in both LB formulations (i.e. 0.5 g/L or 10 g/L NaCl). This data 218 

confirmed that increased 2-NBDG accumulation under combined nutritional and salinity 219 

depletion was not due to molecular leakage through compromised bacterial membranes and 220 

that growth rate alone does not necessarily reflect important changes in bacterial 221 

metabolism[50]. Finally, we sought to rule out the possibility that increased glucose 222 

accumulation under combined nutritional and salinity depletion was a result of i) a nutritional 223 

shift from LB to M9 (used for growth and 2-NBDG measurements, respectively), ii) low 224 

abundance of divalent cations in LB medium or iii) changes in extracellular pH[45,51]. In order 225 

to do so, we performed flow cytometry experiments on E. coli grown for 17 h in M9 with 226 

limited (i.e. 0.1 g/L) glucose or ammonium (i.e. carbon or nitrogen limitation, respectively,[52] 227 

see Methods) and either 0.5 or 10 g/L NaCl. Consistently with the data in Fig. 2, we found that 228 

E. coli exposed to combined nutritional and salinity depletion in M9 accumulated 2-NBDG to 229 

a significantly larger extent than E. coli exposed to nutritional depletion alone in M9 both with 230 

glucose (mean fluorescence of 3007 and 1045 a.u. at t=900 s, red and green violins, 231 

respectively, in Fig. S4a, ****) or ammonium as limiting factor (mean fluorescence of 3249 232 
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and 1776 a.u. at t=900 s, red and green violins, respectively, in Fig. S4b, ****). Furthermore, 233 

the measured extracellular pH values were the same (8.0±0.1) for the nutrient depleted and 234 

nutrient and salt depleted environments. Finally, E. coli displayed similarly large cell-to-cell 235 

differences in the accumulation of 2-NBDG after pre-culturing in LB or M9 (coefficient of 236 

variations of 38% and 60% after pre-culturing in 0.5 g/L or 10 g/L LB; coefficient of variations 237 

of 66% and 69% after pre-culturing in 0.5 g/L or 10 g/L glucose-limited M9; coefficient of 238 

variations of 43% and 64% after pre-culturing in 0.5 g/L or 10 g/L ammonia-limited M9). 239 

Therefore, the observed heterogeneity in 2-NBDG accumulation was not driven by the 240 

nutritional shift from LB to M9. Taken together this data demonstrate that when these two 241 

environmental changes come together, they manifest a synergistic effect on intracellular 242 

processes, such as glucose metabolism, that is greater than the effect of each environmental 243 

change alone. 244 

 245 

Glucose accumulation is heterogeneous under different environmental variations in a cell 246 
size-independent fashion  247 

Besides the above described different 2-NBDG accumulation traits across variant 248 

environments, we also found substantial phenotypic heterogeneity within E. coli populations 249 

in the same environment. This heterogeneity increased in the presence of nutrient or salt 250 

depletion compared to optimal growth conditions (CV values of 2-NBDG intracellular 251 

fluorescence in Table S2), suggesting specialization in metabolic functions to endure 252 

environmental variations.  253 

In order to gain a mechanistic understanding of these glucose accumulation traits in 254 

variant environments, we firstly investigated the role played by cell area in 2-NBDG 255 

accumulation. We studied the correlation of the total fluorescence of each bacterium at steady-256 

state (t=900 s) with the area of each bacterium. We found strong positive correlation between 257 

single-cell area and total intracellular 2-NBDG fluorescence both via flow cytometry and via 258 
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microfluidics-microscopy (Fig. 3a and 3b, respectively, Pearson correlation coefficient larger 259 

than 0.7 in all tested environments). 260 

Figure 3. Glucose accumulation is heterogeneous across variant environments in a cell 261 
size-independent fashion. Size dependence of the total intracellular fluorescence of the 262 
glucose analogue 2-NBDG in individual E. coli under optimal growth conditions (circles), 263 
nutrient depletion (diamonds), salt depletion (triangles) or combined nutrient and salt depletion 264 
(squares) measured after 900s incubation in 2-NBDG via a) flow cytometry and b) microscopy 265 
in the mother machine. Pearson correlation coefficients of a) 0.35, 0.40, 0.42 and 0.32 and b) 266 
0.71, 0.76, 0.69 and 0.71, respectively (all ****). c) Corresponding size dependence of the 267 
mean intracellular fluorescence normalized by cell size. Pearson correlation coefficients of 0.18 268 
(ns), 0.57 (***), 0.16 (ns) and -0.01 (ns), respectively. ns=non significant, p-value>0.05; ***, 269 
p-value<0.001; ****, p-value<0.0001. N=100 representative measurements on individual 270 
bacteria in a) out of a total N=50000 measurements performed in biological triplicates. N>30 271 
for each experimental condition collated from biological triplicates in b) and c). 272 
 273 

However, when we calculated the mean 2-NBDG fluorescence for each bacterium, after 274 

normalizing by cell size[53], we found that, under combined nutritional and salinity depletion, 275 

E. coli exhibited significantly higher intracellular 2-NBDG fluorescence despite displaying 276 

significantly lower cell area compared to optimal growth conditions (squares and circles, 277 

respectively, in Fig. 3c). Moreover, we found a remarkable lack of correlation between the 278 

mean 2-NBDG fluorescence and cell size under optimal growth, salt depleted or nutrient and 279 

salt depleted conditions (Pearson correlation coefficients of 0.18 (ns), 0.16 (ns) and -0.01 (ns), 280 

respectively); we found instead a significantly positive correlation between 2-NBDG 281 

fluorescence and cell size under nutrient depletion (Pearson correlation coefficients of 0.57, 282 

***). Finally, we still found substantial levels of heterogeneity in the mean 2-NBDG 283 

fluorescence values across the different environments (Fig. 3c). Taken together these data 284 

demonstrate that changes in cell size alone cannot account for the measured glucose 285 
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accumulation traits and heterogeneities in variant environments in contrast to the current 286 

consensus[5,15]. 287 

Combined nutritional and salinity depletion boosts both glucose uptake and degradation   288 

We then sought to decouple the contribution of uptake and degradation mechanisms on the 289 

measured 2-NBDG accumulation. To do this, we used a mathematical model describing 2-290 

NBDG accumulation in single bacteria using ordinary differential equation 1 (see Methods). 291 

We inferred the uptake rate from the accumulation data in the presence of extracellular 2-292 

NBDG (0<t<900s, Fig. 2) and obtained an independent estimate of the degradation rate from 293 

both the accumulation data in the presence of extracellular 2-NBDG (0<t<900s, Fig. 2) and the 294 

degradation data in the absence of extracellular 2-NBDG (t>1200s, Fig. S5).  295 

Nutritional depletion caused a significant decrease in 2-NBDG uptake rate but also a 296 

significant increase in degradation rate compared to optimal growth conditions (Fig. 4a, 4d and 297 

4e, Table S5). Moreover, both 2-NBDG uptake and degradation were more heterogeneous 298 

under nutritional depletion (Table S6), further suggesting specialisation in metabolic functions 299 

in stressed bacteria[44]. Finally, we did not find a significant correlation between uptake and 300 

degradation rates at the single-bacterium level under nutritional depletion (Pearson correlation 301 

coefficient of 0.27 compared to 0.42 for optimal growth conditions). This suggests that under 302 

nutritional depletion, some bacteria specialize in fast uptake at the expense of reduced 303 

degradation rates. 304 
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 305 

Figure 4. Combined nutritional and salinity depletion boosts both glucose uptake and 306 
degradation. a)-c) Single-cell correlation between the natural logarithm of 2-NBDG uptake 307 
rate and the natural logarithm of 2-NBDG degradation rate as predicted by Equation 1 for 308 
optimal growth conditions (circles), nutrient depletion (diamonds), salt depletion (triangles) or 309 
combined nutrient and salt depletion (squares), with Pearson correlation coefficients of 0.42 310 
(***), 0.27 (ns), 0.80 (****) and 0.36 (*), respectively. N>30 for each experimental condition 311 
collated from biological triplicates, the large symbols are the medians of each set of single-cell 312 
values. Coefficient of variations of these single-cell values and statistical tests of quantitative 313 
comparisons of values between different environments are reported in Table S5 and S6, 314 
respectively. Corresponding distributions of d) natural logarithm of 2-NBDG uptake rate 315 
values and e) natural logarithm of 2-NBDG degradation rate values. The bottom and top of the 316 
box are the first and third quartiles, the band inside the box is the median, the bottom and top 317 
whiskers represent the 10th and 90th percentiles, respectively. f) Temporal dependence of the 318 
fluorescence of 2-NBDG when E. coli populations were incubated in 30 µM 2-NBDG alone 319 
(red squares), in the presence of 30 mM 3-O-methylglucose (cyan upward triangles), or in the 320 
presence of 30 mM glucose (brown downward triangles). N=3 biological replicates for each 321 
condition. The lines are one phase exponential decay fittings to the data yielding time constant 322 
Tau of (16.3 ± 1.1) min, (16.3 ± 1.2) min and (10.9 ± 0.5) min, respectively.  *, p-value<0.05; 323 
***, p-value<0.001; ****, p-value<0.0001. 324 

 325 

Similarly, salinity depletion caused a significant decrease in 2-NBDG uptake rate but 326 

also a significant increase in degradation rate (Fig. 4b, 4d and 4e, Table S5). Furthermore, the 327 

CV of both uptake and degradation rate was higher under salinity depletion (Table S6). 328 

However, differently from nutritional depletion, salinity depletion favoured a strong positive 329 

correlation between uptake and degradation rates at the single bacterium level (Pearson 330 
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correlation coefficient of 0.80). This suggests that salt depletion favours the emergence of a 331 

subset of the population specialising in both taking up and degrading 2-NBDG. 332 

In contrast with the findings above, the combined presence of nutritional and salinity 333 

depletion significantly increased both the uptake and degradation rate as well as intra-334 

population phenotypic heterogeneities in both parameters (Fig. 4c, 4d and 4e, Table S5 and 335 

S6). This environment yielded a significant correlation between uptake and degradation rate 336 

(Pearson correlation coefficient of 0.36). However, such correlation was weaker with respect 337 

to that measured in the presence of salt depletion alone. This suggests that the additional 338 

nutritional depletion favoured specialization in fast 2-NBDG uptake at the cost of reduced 339 

degradation rates compared to champion degraders exposed to salinity depletion alone.  340 

Next, we set out to confirm that the degradation of 2-NBDG by E. coli is linked to 341 

activity of the bacterial glycolytic pathway, responsible for the degradation of glucose. We 342 

investigated the degradation of the fluorescence of 2-NBDG in the presence of a competitive 343 

and non-metabolizable inhibitor (i.e. 3-O-methyl glucose) or a competitive and metabolizable 344 

inhibitor (i.e. glucose). The presence of a metabolizable inhibitor would stimulate bacterial 345 

glycolytic activity and thereby enhance the 2-NBDG degradation, while the presence of a non-346 

metabolizable inhibitor would have no effect[5]. Accordingly, we found that the degradation 347 

of the fluorescence of 2-NBDG in the presence of a competitive and metabolizable inhibitor 348 

was significantly faster than the degradation of the fluorescence of 2-NBDG in the absence of 349 

this inhibitor (brown downward triangles and red squares in Fig. 4f, respectively, time constant 350 

Tau of (10.9 ± 0.5) min and (16.3 ± 1.1) min, respectively) since such inhibitor promotes 351 

glycolytic activity. In contrast, we found that the degradation of the fluorescence of 2-NBDG 352 

in the presence of a competitive and non-metabolizable inhibitor was comparable to the 353 

degradation of the fluorescence of 2-NBDG in the absence of this inhibitor (cyan upward 354 

triangles and red squares in Fig. 4f, respectively, time constant Tau of (16.3 ± 1.2) min and 355 
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(16.3 ± 1.1) min, respectively) since such inhibitor cannot be metabolized, thereby not 356 

promoting the bacterial glycolytic activity. These data therefore demonstrate that 2-NBDG is 357 

degraded as a consequence of the glycolytic pathway and can be used as a proxy for glucose 358 

degradation. 359 

Taken together these data demonstrate that simultaneous nutritional and salinity 360 

depletion, that is the least favourable growth conditions investigated, has profound effects on 361 

glucose metabolism, increasing both uptake and degradation rates at the level of the individual 362 

bacterium, a synergistic effect that neither environmental changes alone can elicit. 363 

 364 

Molecular mechanisms underpinning glucose accumulation traits under nutrient or salt 365 
depletion 366 
 367 

We then performed comparative transcriptomic and proteomic analysis between bulk 368 

E. coli cultures in the four different environments investigated and measured the log2 fold 369 

change in transcript or protein levels under nutrient or salt depletion compared to those 370 

measured in optimal growth conditions. We then restricted our combined transcriptomic and 371 

proteomic analysis to genes and proteins whose differential expression had a p-value adjusted 372 

for false discovery rate smaller than 0.05[54]. We found a significant correlation between gene 373 

and protein expression under salt depletion but no significant correlation under either nutrient 374 

or nutrient and salt depletion (Fig. 5a, Pearson coefficient R = 0.13, 0.06 and 0.07, **, ns, ns, 375 

respectively). We also found a stronger correlation between differential gene and protein 376 

regulation under nutrient and nutrient and salt depletion compared to salt and nutrient and salt 377 

depletion (Pearson coefficient R = 0.92 and 0.34, at the transcriptomic level and 0.89 and 0.45, 378 

at the proteomic level, all ****). 379 

 To determine biological processes underlying acclimation of sugar metabolism to 380 

changes in nutritional availability and environmental salinity, we clustered these combined 381 
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transcriptomic and proteomic data, identifying 13 distinct patterns of gene and protein 382 

regulation (Fig. 5b and 5c, respectively, and Supplementary file 1).  383 

Cellular biosynthetic processes (e.g. dicarboxylic acid, amide, organonitrogen and 384 

peptide biosynthesis), gene expression and translation were significantly downregulated at the 385 

transcriptomic and proteomic levels in both the nutrient depleted and the nutrient and salt 386 

depleted environments compared to salt depletion alone (Clusters 5 and 9 in Fig. 5b and 5c, 387 

****). 388 

Cell homeostasis biological processes including chemical, ion and cation homeostasis 389 

were significantly upregulated under both nutrient and nutrient and salt depletion compared to 390 

salt depletion alone or optimal growth conditions both at the transcriptomic and proteomic level 391 

(Cluster 1 in Fig. 5b and 5c, **). Anaerobic respiration and polyol metabolic processes were 392 

significantly upregulated under both nutrient and nutrient and salt depletion at the proteomic 393 

level compared to salt depletion alone or optimal growth conditions (Cluster 13 in Fig. 5c, *) 394 

in accordance with a previous report[55].  395 

Crucially for this study, phosphoenolpyruvate-dependent sugar phosphotransferase 396 

systems (PTS) were significantly upregulated at the proteomic level under both nutrient and 397 

nutrient and salt depletion compared to salt depletion alone (Cluster 12 in Fig. 5c, **). These 398 

proteins included the PTS system galacticol- and mannose-specific EIID components GatA 399 

and ManZ, respectively, the latter transporting both mannose and glucose across the E. coli 400 

inner membrane[13]. Furthermore, glucose metabolic processes were upregulated at the 401 

proteomic level under nutrient or nutrient and salt depletion compared to salt depletion alone 402 

(Cluster 12 in Figure 5c, **). These proteins included the formate acetyltransferase 1 PflB that 403 

is involved in pyruvate fermentation (following glucose conversion to pyruvate) and formate 404 

synthesis; the L-lactate dehydrogenase LldD which converts pyruvate to lactate; the glucose-405 

1-phosphatase Agp which converts glucose to glucose-1-phosphate; the putative glucose-6-406 
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phosphate epimerase YeaD; as well as catabolic processes of other sugars such as galacticol 407 

and deoxyribose.  408 

 409 

Figure 5. Molecular mechanisms underpinning glucose accumulation traits under 410 
nutrient or salt depletion. a) Correlation between the log2 fold change in gene and protein 411 
expression under nutrient, salt or nutrient and salt depletion. Each dot is the log2 fold change 412 
in the number of copies for a single gene or protein, blue lines are linear regressions to the data 413 
returning a Pearson correlation coefficient R=0.06, 0.13 and 0.07, (ns, ** and ns, respectively). 414 
Transcript and protein reads were measured via RNA-sequencing and proteomics on samples 415 
in biological triplicate and are reported in Supplementary files 2 and 3, respectively. Cluster 416 
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analysis of the combined transcriptomic and proteomic data above returned 13 clusters with 417 
distinct patterns of b) gene and c) protein regulation under nutrient, salt or nutrient and salt 418 
depletion. Each dot represents the log2 fold change in the number of copies for a single gene 419 
or protein, dashed and dotted lines indicate the median and quartiles of each distribution, 420 
respectively, the grey solid lines indicate a log2 fold change of zero. The lists of genes 421 
belonging to each cluster are reported in Supplementary file 1. d) Biological processes 422 
significantly over-represented in each of the clusters above. For clarity, only clusters displaying 423 
significantly over-represented biological processes are reported in figure, data for the 424 
remaining clusters are reported in Supplementary file 1.  425 

 426 

To further validate these data, we performed clustering analysis on transcriptomic data 427 

alone and found that carbohydrate transport and metabolic processes were significantly 428 

downregulated under nutrient or nutrient and salt depletion compared to salt depletion alone or 429 

optimal growth conditions (Clusters 8 and 12 in Supplementary file 2, ****). In striking 430 

contrast, in our clustering analysis performed on proteomic data alone we found that 431 

carbohydrate metabolic processes were significantly upregulated under nutrient or nutrient and 432 

salt depletion compared to salt depletion alone or optimal growth conditions (Cluster 8 in 433 

Supplementary file 3, ****). Besides the proteins found in Cluster 12 of our combined 434 

transcriptomic-proteomic clustering analysis, Cluster 8 of the proteomic analysis included the 435 

PTS system glucose-specific EIIA component Crr; the phosphocarrier protein PtsH; the 436 

glucose-1-phosphate adenylyltransferase GlgC; the aconitate hydratase A AcnA; the enolase 437 

Eno; the mannose-6-phosphate isomerase ManA; the phosphoglycerate kinase Pgk; the 438 

pyruvate kinase PykF; the galactitol 1-phosphate 5-dehydrogenase GatD; the 439 

phosphoglucomutase Pgm that is a highly conserved enzyme which functions at a key point in 440 

glucose metabolism (the interconversion of glucose-1-phosphate and glucose-6-441 

phosphate,[56]), it is involved in several processes including bacterial pathogenesis[57] and 442 

was previously found to be upregulated under nutrient depletion in minimal medium[55]. Here 443 

we found that Pgm was further upregulated under combined nutrient and salt depletion 444 

compared to nutrient or salt depletion alone (log2 fold change of 0.7, 0.4 and 0.3, respectively, 445 

Supplementary file 3) in accordance with our data on glucose degradation rates (Fig. 4e). Taken 446 
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together these data demonstrate that under nutrient or combined nutrient and salt depletion 447 

glucose uptake and degradation are regulated at translation rather than transcription level.  448 

Moreover, when we carried out phosphoproteomics on E. coli cultured in the four 449 

different environments above, we found that the phosphoglucomutase Pgm was one of the 13 450 

proteins for which a phosphorylation event was detected (rows 8-9 in Supplementary file 4). 451 

Other phosphorylated proteins included PpsA and GpmM involved in gluconeogenesis and 452 

PpC and Icd (i.e. the first example of a protein phosphorylated on a serine or a threonine residue 453 

in bacteria[55]) involved in the tricarboxylic acid cycle. We measured phosphorylation at two 454 

different sites for the phosphopeptide GGPLADGIVITPSHNPPEDGGI that aligns with high 455 

confidence to the Pgm amino acid sequence. The first phosphorylation event was recorded on 456 

serine 13 of the phosphopeptide above with a site probability of 88% as defined by the 457 

phosphoRS node of Proteome Discoverer software (i.e. serine 146 in the full protein sequence 458 

in accordance with previous studies[55,58]). The amino acid residues surrounding this serine 459 

are highly conserved in the phosphohexomutase superfamily to which Pgm belongs[59]. This 460 

stretch of residues is known as the phosphoserine loop and is involved in the transfer of a 461 

phosphoryl group from the serine residue above to glucose 6-phosphate to form a 462 

biphosphorylated sugar intermediate. A high level of phosphorylation of this serine residue 463 

increases Pgm flexibility and its enzymatic activity[59]. In accordance with our glucose 464 

degradation data (Fig. 4e), we measured higher Pgm phosphorylation levels at serine 13 under 465 

combined nutrient and salt depletion compared to optimal growth conditions (*, row 8 in 466 

Supplementary file 4). This indicates that the combined nutrient and salt depletion drives a 12-467 

fold post-translational change as well as a 1.6-fold translational change in Pgm levels, thus 468 

explaining the higher glucose degradation rate reported in Fig. 4. Moreover, we measured 469 

significantly higher Pgm phosphorylation levels under combined nutrient and salt depletion 470 

compared to optimal growth conditions (*, row 9 in Supplementary file 4) at a second site 471 
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within the phosphoserine loop. However, this site could not be defined with any degree of 472 

confidence (i.e. site probability < 70%). Finally, a significantly higher degree of 473 

phosphorylation under nutrient and salt depletion compared to optimal growth conditions was 474 

also measured for the phosphoenolpyruvate synthase PpsA and the isocitrate dehydrogenase 475 

Icd (* and **, rows 6 and 17 in Supplementary file 4) involved in gluconeogenesis and the 476 

tricarboxylic acid cycle, respectively. 477 

Considering the significant variations in Pgm both at the translational and post-478 

translational level, we set out to investigate the role played by Pgm in 2-NBDG accumulation. 479 

To do this, we performed single-cell 2-NBDG accumulation measurements on both a Dpgm 480 

deletion mutant and the parental strain (PS). We found that under nutrient and salt depletion 481 

the Dpgm deletion mutant displayed significantly lower 2-NBDG accumulation compared to 482 

the parental strain (purple hexagons and red squares in Fig. S6, respectively, ***). In contrast, 483 

under optimal growth conditions the Dpgm deletion mutant displayed 2-NBDG accumulation 484 

comparable to the parental strain (magenta diamonds and black circles in Fig. S6, respectively, 485 

ns). These data further confirm that modifications of Pgm at the translational and post-486 

translational level allow E. coli to enhance glucose accumulation. 487 

Taken together these data demonstrate that simultaneous exposure to nutrient and salt 488 

depletion decreases gene expression, translation and biosynthetic processes, while increasing 489 

E. coli capability to take up and use glucose (and possibly other sugars) via variations at the 490 

translational and post-translational level but not at the transcriptional level, thus corroborating 491 

our glucose and 2-NBDG accumulation data presented in Fig. 2-4.  492 

 493 

Glucose accumulation is not regulated by molecules secreted in the environment 494 

Finally, we also investigated the possibility that the combined nutritional and salinity depletion 495 

caused bacterial secretion of molecules that affect intracellular 2-NBDG accumulation. These 496 
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molecules could include signalling secondary metabolites, such as putrescine and cadaverine, 497 

that affect the functioning of membrane transporters[54]. In order to test this hypothesis, we 498 

exposed E. coli grown in optimal growth conditions to the supernatant collected from E. coli 499 

exposed to combined nutritional and salinity depletion. After 1h exposure to such supernatant, 500 

we washed the microfluidic environment, introduced 30 µM 2-NBDG dissolved in glucose-501 

free M9 medium and measured 2-NBDG accumulation in individual bacteria. We then 502 

compared these measurements to those performed without exposing bacteria to such 503 

supernatant (squares and circles, respectively, in Fig. S7). In contrast to the hypothesis above, 504 

we found that exposure to the supernatant collected from nutrient and salt depleted E. coli did 505 

not enhance 2-NBDG accumulation. Taken together these data suggest that the metabolic 506 

changes observed in the simultaneous nutritional and salinity depletion are not due to bacterial 507 

secretion of compounds that can alter glucose metabolism. 508 

 509 

DISCUSSION 510 

Glucose uptake and utilization in bacteria have been previously linked to cell size, suggesting 511 

that both glucose uptake and intracellular conversion are maximal in favourable growth 512 

conditions, an idea that has led to the consensus that bacteria dwelling in stressful environments 513 

reduce their metabolic capabilities[15–17,60]. However, these findings were obtained either in 514 

optimal growth conditions or in the presence of only nutritional depletion[15]. In contrast, in 515 

natural environments such as soil, aquatic systems or the human body, microbial communities 516 

face multiple environmental changes[18,35]. Therefore, it is crucial to predict the effects of 517 

multiple simultaneous environmental variations on the phenotypic diversity in microbial traits. 518 

Here we demonstrate a hitherto unrecognised phenomenon in bacterial glucose 519 

metabolism by finding enhanced glucose accumulation traits when E. coli are simultaneously 520 

exposed to nutritional and salinity depletion. These traits are not displayed when bacteria are 521 
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exposed to either depletion alone, suggesting that the effect of these changes on glucose 522 

metabolism is not additive[35]. In contrast with the general consensus, we show that these 523 

differences in glucose accumulation traits cannot be explained by differences in cell size or 524 

gene expression, a finding that needs to be taken into account when modelling metabolic fluxes 525 

and when designing bioproduction in E. coli[14] since we show that increasing cell size does 526 

not accelerate glucose metabolism.  527 

We show instead that the measured metabolic changes are underpinned by variations 528 

in glucose transport and metabolism at the translational and post-translational level. Protein 529 

phosphorylation, especially on serine, threonine, or tyrosine, is one of the most common post-530 

translational modifications in bacteria[55]. Protein phosphorylation controls cell metabolism 531 

and enhances cellular fitness under growth limiting conditions; for example, enzymes such as 532 

phosphoglycerate mutase, phosphoglucomutase and adenosine 5′-phosphosulfate kinase 533 

catalyse the turnover of phosphorylated sugars or metabolite phosphorylation by going through 534 

a phosphorylated intermediate state during catalysis[61]. A previous study found a global 535 

increase of protein phosphorylation levels under nutrient depletion[55]. Here we complement 536 

this understanding by demonstrating elevated protein phosphorylation levels under nutrient 537 

depletion, salt depletion or combined nutrient and salt depletion. Taken together these findings 538 

point to a likely role of protein phosphorylation in variant environments. Indeed, we found 539 

significantly higher phosphorylation levels of the phosphoglucomutase Pgm (at serine 146), a 540 

highly conserved enzyme[59], under nutrient and salt depletion compared to optimal growth 541 

conditions offering a mechanistic explanation of the measured glucose degradation rates. 542 

Furthermore, Pgm was upregulated at the translational level under nutrient depletion in 543 

accordance with a previous study using minimal medium[55], whereas we use LB medium, 544 

further confirming that this metabolic response is not dictated by the pre-culturing medium. 545 

We also found that Pgm was further upregulated under combined nutrient and salt depletion 546 
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compared to nutrient depletion alone corroborating our data on glucose degradation rates. 547 

Finally, it is conceivable that other previously identified post-translational modifications (e.g. 548 

the acetylation of GapA and FbaA[58], both involved in carbohydrate degradation) could 549 

further contribute to the observed variations in glucose uptake and degradation rates.  550 

We also showed that exposing E. coli growing in optimal conditions to the supernatant 551 

collected from cells under nutrient and salt depletion did not enhance glucose accumulation 552 

traits although this data should be corroborated in future via LC-MS metabolomics[62]. This 553 

finding demonstrates that enhanced glucose accumulation traits are not driven by the impact of 554 

physico-chemical properties of the nutrient and salt depleted environment on molecular 555 

transport, but rather by continuous cellular adaptation to such an environment. 556 

These data corroborate previous work about the impact of salinity on carbon uptake in 557 

Vibrio marinus and cyanobacteria in natural environments[63,64], and on the remodelling of 558 

E. coli glucose metabolism in the presence of environmental challenges[54,65]. Furthermore, 559 

NaCl is routinely used in food products as an antimicrobial agent[66], therefore our findings 560 

that adding NaCl decreases glucose accumulation in stationary phase bacteria should be taken 561 

into account in both food preservation and bioproduction.   562 

Our data also demonstrate, for the first time, that heterogeneity in glucose accumulation 563 

traits under combined nutrient and salt depletion cannot be ascribed to cell-to-cell differences 564 

in surface area alone neither can be ascribed to recovery from stationary phase[67]. In fact, we 565 

measured similar levels of heterogeneity in glucose uptake and degradation in exponentially 566 

growing and stationary phase E. coli. These data therefore suggest that cellular or 567 

environmental parameters other than cell size underpin heterogeneity in glucose metabolism 568 

adding to our current understanding of the relationship between cell growth rate and cellular 569 

processes[68–72], including those preparing a cell for surviving fluctuations in environmental 570 

conditions[73]. In this respect, we found that exposure to nutritional or salinity depletion 571 
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increases heterogeneity in both glucose uptake and degradation. This could be explained by the 572 

recently reported heterogeneity in the expression of sugar metabolism genes[74,75]. Taken 573 

together these data add new knowledge to the current understanding on phenotypic noise[76], 574 

corroborating the view that cell-to-cell differences are ubiquitous within microbial 575 

populations[67,76–78] and that there is substantial heterogeneity in the accumulation of 576 

metabolites[5,44,74,75,79–84] or antimicrobials[40,85,86]. 577 

This newly introduced experimental approach could be applied to other fields of 578 

research including medical mycology and crop protection, considering that glucose and its 579 

fluorescent analogue 2-NBDG is taken up by pathogenic fungi such as Candida albicans[87]. 580 

The newly discovered glucose accumulation traits should be considered when investigating 581 

cellular processes where salinity plays an important role such as cystic fibrosis associated lung 582 

infections[34] and the enteropathogens present in the ileum and colon[32] . If confirmed for 583 

microbes sampled from the environment, our findings will also inform modelling ecological 584 

and evolutionary dynamics considering the extensive impact of climate change on the salinity 585 

of freshwater ecosystems and naturally saline environments[25,30,35] which could 586 

consequently lead to a profound effect on the capabilities of some species to take up and use 587 

carbon sources.  588 

 589 

METHODS 590 

Strains, media and cell culture 591 

All chemicals were purchased from Merck unless otherwise specified. Lysogeny Broth (LB, 592 

Melford) media made of 10 g/L Tryptone, 5 g/L Yeast extract and either 0.5, 5 or 10 g/L NaCl, 593 

were used for culturing E. coli. Noteworthy, the 5 and 10 g/L NaCl LB formulation are 594 

routinely used in microbiology, whereas the 0.5 g/L NaCl LB formulation is generally 595 

employed only for selective cultivation with antibiotics that require low salt conditions. The 596 
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three formulations differ only in salt content, these do not differ in carbon and nitrogen source 597 

content that it is known to affect glucose metabolism[62]. LB agar plates of respective NaCl 598 

concentration with 15 g/L agar (Melford) were used for streak plates. Glucose-free M9-599 

minimal media, used to wash cells and dilute 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-600 

yl)Amino)-2-Deoxyglucose (2-NBDG) or Thioflavin T (ThT), was prepared using 5´ M9 601 

minimal salts (Merck), diluted as appropriate, with additional 2 mM MgSO4, 0.1 mM CaCl2, 3 602 

µM thiamine HCl in milliQ water. Glucose or ammonia limited M9 media were prepared by 603 

adding to this solution 0.1 g/L glucose or 0.1 g/L NH4Cl, respectively[52], NaCl was added as 604 

required at a final concentration of 0.5 g/L or 10 g/L, as appropriate. The parental strain E. coli 605 

BW25113 and the single-gene knockout mutants Δpgm were purchased from Dharmacon (GE 606 

Healthcare) and stored in 50% glycerol stock at -80˚C. Streak plates for each strains were 607 

produced by thawing a small aliquot of the corresponding glycerol stock every 2 weeks and 608 

using LB agar containing either 0.5, 5 or 10 g/L NaCl. Exponentially growing cultures were 609 

obtained by inoculating 100 mL of LB (or M9 medium) of 0.5, 5 or 10 g/L NaCl content with 610 

100 µl of stationary phase liquid culture E. coli BW25113, then placed in a shaking incubator 611 

at 200 rpm at 37˚C for 3 hours. Overnight cultures were prepared inoculating a single colony 612 

of E. coli BW25113 in 200 mL of LB (or M9 medium) with 0.5, 5 or 10 g/L NaCl, then placed 613 

in a shaking incubator at 200 rpm at 37˚C. Spent LB or M9 media used for resuspension of 614 

prepared bacteria in microfluidic assays was prepared by centrifugation of overnight cultures 615 

(4000 rpm, 20˚C, 10 min). The supernatant was then double filtered (Medical Millex-GS Filter, 616 

0.22 μm, Millipore Corp) to remove bacterial debris from the solution as previously 617 

reported[73]. 2-NBDG (Molecular weight=342 g/mol, ThermoFischer) was dissolved in 618 

dimethyl sulfoxide (DMSO) at a stock concentration of 10mg/ml and stored at -20˚C.  619 

ThT (Molecular weight=319 g/mol, Merck) was dissolved in milliQ water at a stock 620 

concentration of 2 mM and stored at 4˚C.  621 
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Fabrication of microfluidic mother machine devices 622 

Microfluidic mother machine devices were fabricated in polydimethylsiloxane (PDMS, 623 

Sylgard 184 silicone elastomer kit, Dow Corning) following previously reported 624 

protocols[73,88]. A 10:1 (base:curing agent) PDMS mixture was cast on an epoxy mold of the 625 

mother machine device provided by S. Jun[41]. Each mother machine device contains 626 

approximately 6000 bacterial hosting channels with a width, height and length of 1, 1.5 and 25 627 

µm, respectively. These channels are connected to a main microfluidic chamber with a width 628 

and height of 25 and 100 µm, respectively. After degassing the PDMS mixture, this was 629 

allowed to cure at 70˚C for 2 hours, before unmoulding the solid PDMS replica from the mother 630 

machine epoxy mold. Using a 0.75 mm biopsy punch (RapidCore 0.75, Well-Tech) fluidic inlet 631 

and outlet accesses were created at the two ends of the main chamber of the mother machine. 632 

After ensuring accesses and surface of PDMS chip were completely clean using ethanol wash, 633 

N2 gas drying and removal of any small particles using adhesive tape (Scotch® Magic™ Tape, 634 

3M), the PDMS chip, along with a glass coverslip (Borosilicate Glass No.1, Fisherbrand), were 635 

further cleaned and surfaces hydrophilized using air plasma treatment (10 s exposure to 30 W 636 

plasma power; Plasma etcher, Diener, Royal Oak, MI, USA) as previously reported[89]. Next, 637 

PDMS and glass were brought in contact and irreversibly bonded. Upon bonding, the device 638 

was placed for 5 min into an oven set at 70˚C to enhance the adhesion between the PDMS and 639 

the glass surfaces. Finally, the device was filled with a 5 µL aliquot of 50 mg/ml bovine serum 640 

albumin (BSA) in milliQ water and incubated at 37˚C for 1 hour; this step allowed to passivate 641 

the charge within the channels post oxygen plasma treatment, thus screening any electrostatic 642 

interaction between bacterial membranes and the glass and PDMS surfaces of the mother 643 

machine. 644 

 645 
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Microfluidics-microscopy assay to measure 2-NBDG accumulation and degradation in 646 

individual E. coli bacteria  647 

The bacterial inoculum to be injected in the mother machine device was prepared via 648 

centrifugation (5 min, 4000 rpm, 20˚C) of a 50 ml aliquot of an exponentially growing or 649 

overnight culture (3 or 17 h after inoculation in LB or M9) and resuspended in spent LB (or 650 

M9) medium (both prepared as described above) to an OD600 of 75. 50 mg/mL BSA was added 651 

to the overnight culture before centrifugation to prevent bacterial cell aggregation[73]. The 652 

bacterial suspension was then injected into the mother machine device and incubated at 37˚C 653 

aiming to fill each bacterial hosting channel at an average density of one cell. Subsequently, 654 

fluorinated ethylene propylene tubing (1/32” x 0.0008”) was inserted into both inlet and outlet 655 

accesses as previously reported[90]. A flow sensor unit (Flow Unit S, Fluigent, Paris, France) 656 

was connected to the inlet tubing. This flow sensor unit was also connected to a pressure control 657 

system (MFCS-4C, Fluigent), both being controlled via MAESFLO software (Fluigent) 658 

allowing for computerised, accurate regulation of fluid flow into the microfluidic device. The 659 

above described spent LB medium was used to clear the main channel of excess bacteria that 660 

had not entered the bacterial hosting channels, initially flowing at 300 μL/h for 8 min and then 661 

set to a flow rate of 100 μL/h. The loaded microfluidic device was mounted onto an inverted 662 

microscope (IX73 Olympus, Tokyo, Japan) following the flushing of the main channel with 663 

spent media and centred on one area of the mother machine containing 46 of the 6000 bacteria 664 

hosting channels; after visual inspection of the device, using automated stages for both coarse 665 

and fine movements (M-545.USC and P-545.3C7, Physik Instrumente, Karlsruhe, Germany), 666 

this area was selected on account of it containing the highest number of channels filled with 667 

one bacterium. Initial bright-field and fluorescence images were acquired using a 60×, 1.2 N.A. 668 

objective (UPLSAPO60XW, Olympus) and a sCMOS camera (Zyla 4.2, Andor, Belfast, UK), 669 

and, for the fluorescence image only, a FITC filter and exposure to blue LED illumination at 670 
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15% of its maximum power (200mW, CoolLED pE-300white, Andover, UK) for 0.1 s. 671 

Following this, 30 µM 2-NBDG in M9-minimal medium was introduced into the microfluidic 672 

device at an initial flow rate of 300 μL/h for 8 min, then 100 μL/h thereafter. Simultaneously, 673 

a fluorescence image was acquired every 20 s for a period of 900 s using the settings described 674 

above, a custom built LabView software and a 7-way Multi I/O timing cable (Andor, Belfast, 675 

UK) ensuring the LED only illuminated during image acquisition, thus reducing 676 

photobleaching. This same protocol was also employed to investigate the accumulation of 50 677 

µM ThT in M9-minimal medium in individual E. coli bacteria. 678 

At t=1200 s, the 2-NBDG solution was flushed away and exchanged to fresh LB or M9 medium 679 

(of appropriate NaCl concentration) flowing at an initial flow rate of 300 μl/h for 8 min, then 680 

100 μl/h thereafter. This step allowed monitoring the degradation of 2-NBDG that had 681 

accumulated in each individual bacterium by acquiring a fluorescence image every 20 s until 682 

t=2100 s.  683 

 684 

Flow cytometry measurements 685 

E. coli cultures were prepared as described above and 1 mL aliquoted into an Eppendorf at t=3 686 

or 17 h and spun down at 13,400 rpm for 5 min using a microcentrifuge (SLS Lab Basics, UK). 687 

For uptake experiments, the bacterial pellet was resuspended in 1 mL of fluorescent substrate 688 

solution; either 30 µM 2-NBDG or 50 µM ThT and incubated for 15 or 45 min, respectively. 689 

After incubation, cells were pelleted at 13,400 rpm for 5 min using a table top centrifuge and 690 

resuspended in 1 ml of phosphate buffer solution (PBS) and further diluted as necessary. 691 

Measurements were then performed using a Beckman Coulter CytoFLEX S (Beckman Coulter, 692 

United States) and cell fluorescence quantified using the fluorescein isothiocyanate (FITC) 693 

channel (488 nm excitation and 525/40 nm band-pass filter), with PMT voltages of FSC 1000, 694 

SSC 500, FITC 250 and a threshold value of 10000 for SSC-A to exclude any background 695 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 7, 2022. ; https://doi.org/10.1101/2022.01.26.477826doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.26.477826
http://creativecommons.org/licenses/by-nd/4.0/


 30 

noise. These measurements were not normalized by cell size. Data were initially collected using 696 

CytExpert software, exported and later processed using GraphPad Prism 9. For degradation 697 

assays in the presence of competitive inhibitors, the bacterial pellet was resuspended in 30 µM 698 

2-NBDG and incubated for 15 min as for the uptake experiments above. Following this 15-min 699 

incubation, 1 mL of D-glucose (metabolizable inhibitor) or 3-O-methylglucose (non-700 

metabolizable inhibitor) was added to the sample at a final concentration of 30 mM. Samples 701 

were then diluted as necessary in PBS and measured via flow cytometry at intervals over 20 702 

min as described above.  703 

 704 

Glucose colorimetric assay 705 

17-hour stationary phase cultures grown in 0.5 g/L (nutrient and salt depletion) or 10 g/L NaCl 706 

LB (nutrient depletion) were prepared (as described above) in biological triplicate, reaching an 707 

optical density at 600 nm of 5 in both conditions. 1 mL of each culture was centrifuged at 708 

13,400 rpm for 5 min using a microcentrifuge. Each pellet was subsequently resuspended in 1 709 

mL 30 µM D-glucose and incubated for different time intervals. Following incubation, 710 

centrifugation was carried out as above but at 0°C, to reduce any further glucose uptake by 711 

cells. The supernatant of each sample was collected while the pellet was discarded. Using a 712 

glucose assay kit (Sigma Aldrich, Montana, United States), 50 µL of each supernatant sample 713 

was added to 50 µL master reaction mix (46 µL glucose assay buffer, 2 µL glucose probe and 714 

2 µL glucose enzyme mix) and incubated in the dark at room temperature for 15 min. 715 

Oxidisation of any glucose present in the sample occurred during incubation, thus generating 716 

a colorimetric product, the absorbance of which was measured at 570 nm using a CLARIOstar 717 

PLUS plate reader (BMG Labtech, UK). For each experimental repeat, glucose standards were 718 

obtained by performing a serial dilution between 0 and 10 µL of a 1 nmole/µL glucose standard 719 

solution added to 50 µl of the master reaction mix above, brought to 100 µL per well with 720 
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glucose assay buffer as needed. Absorbances collected for glucose standard wells were then 721 

used as a standard curve by which sample absorbances were compared and interpolated. 722 

To calculate the concentration of glucose present in each sample, background absorbance 723 

(assay blank of standard curve where 0 µl of glucose standard solution was present in the 724 

sample) was first subtracted and then the following equation was used:  725 

𝐶 =
𝑆!
𝑆"
	 726 

Where Sa is the amount of glucose in the unknown sample (in nmole) from standard curve, Sv 727 

is the sample volume (µL) added into the well and C describes the concentration of glucose in 728 

the sample. 729 

 730 

Image and data analysis 731 

Images were processed using ImageJ software as previously described[88,91] tracking each 732 

individual bacterium throughout their incubation in and removal of 2-NBDG. A rectangle was 733 

drawn around each bacterium at every time point, obtaining its width, length and mean 734 

fluorescence intensity. The mean fluorescence intensity for each bacterium was normalised by 735 

cell size, to account for cell cycle related variations in glucose accumulation[53]. The 736 

background fluorescence (i.e. the fluorescence of extracellular 2-NBDG) at each time point 737 

was measured for each bacterium as follow as follows: a rectangle, of similar dimensions to 738 

those drawn around the bacteria, was drawn and positioned, at the same distance from the main 739 

channel, in the nearest channel that did not contain bacteria and the mean fluorescence value 740 

within this rectangle was extracted via ImageJ. This background fluorescence was subtracted 741 

from the corresponding bacterium’s fluorescence value at every time point as previously 742 

reported[73].  743 

These fluorescence data were then analysed and plotted using GraphPad Prism 9. Statistical 744 

significance was tested using unpaired, two-tailed, Welch’s t-test unless specified otherwise. 745 
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Error bars displayed in all graphs represent the standard error of the mean (SEM), however, 746 

due to the large sample sizes, error bars in some figures are small compared to the 747 

corresponding mean values and thus hidden behind data points. Pearson correlation, medians 748 

and coefficient of variations were also calculated using GraphPad Prism 9.  749 

 750 

Transcriptomic analysis 751 

RNA isolation, library preparation, sequencing, and transcriptomic data processing was 752 

performed as previously reported[54,92]. Briefly, E. coli cultures in high or low salt 753 

exponential (optimal growth conditions or salt depletion, respectively) and stationary phase 754 

(nutrient depletion or nutrient and salt depletion, respectively) were prepared as described 755 

above and 500 µL aliquots were taken from each culture after t=3 and 17 h after inoculation in 756 

LB, respectively, in biological triplicate for each of the four environmental conditions. 757 

RNAprotect Bacteria Reagent (Qiagen) was added to each aliquot. Extractions were performed 758 

using RNeasy Mini Kit (Qiagen) for exponential phase aliquots and RNeasy Micro Kit 759 

(Qiagen) for stationary phase aliquots following manufacturer instructions and previously 760 

reported protocols[54,92]. DNA removal during extraction was carried out by using RNase-761 

Free DNase I (Qiagen). RNA concentration and quality were measured using Qubit 1.0 762 

fluorometer (ThermoFisher Scientific) and 2200 TapeStation (Agilent), respectively, and only 763 

samples with an RNA integrity number larger than 8 were taken forward. Transcript abundance 764 

was quantified using Salmon for each gene in all samples. Subsequent differential analysis was 765 

performed using DEseq2 in R software to quantify the log2 fold change in transcript reads[93] 766 

for each gene in aliquots under nutritional, salinity or combined nutritional and salinity 767 

depletion each compared to growth in optimal conditions. Significantly differentially expressed 768 

genes were defined as having a log2 fold change with respect to optimal growth conditions 769 

greater than 1 and a p-value adjusted for false discovery rate of <0.05[24]. 770 
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Proteomic Analysis 771 

E. coli whole cell preparation was performed using 1.5 L cultures as described above. At 3 and 772 

17 h, for exponential and stationary phase respectively, each culture was centrifuged at 4700 773 

rpm ThermoFisher, USA) at 4°C for 20 min. Pellets were then resuspended in 5 mL of lysis 774 

buffer (20 mM Tris-HCl (pH 8.0), 0.5 M NaCl). Subsequently, one cOmplete™, EDTA-free 775 

Protease Inhibitor Cocktail (Roche, Sigma Aldrich) tablet and one phosSTOP™ (Roche, Sigma 776 

Aldrich) tablet were added to each sample. Sonication cycles for complete cell lysis were 777 

performed at 70% amplitude in a Sonics Vibracell VC-505 instrument (Sonics and Materials 778 

Inc., Newton, CT, USA) on ice. Lysate was then centrifuged to remove cell debris at 14400 779 

rpm 4°C for 30 min and pellet was discarded. Aliquots of 80 µg of each sample were digested 780 

with trypsin (2.5 µg trypsin per 100 µg protein; 37°C, overnight), labelled with Tandem Mass 781 

Tag (TMT) eleven plex reagents according to the manufacturer’s protocol (Thermo Fisher 782 

Scientific) and the labelled samples pooled. 783 

For the Total proteome analysis, an aliquot of 50 µg of the pooled sample was desalted using 784 

a SepPak cartridge according to the manufacturer’s instructions (Waters, Milford, 785 

Massachusetts, USA). Eluate from the SepPak cartridge was evaporated to dryness and 786 

resuspended in buffer A (20 mM ammonium hydroxide, pH 10) prior to fractionation by high 787 

pH reversed-phase chromatography using an Ultimate 3000 liquid chromatography system 788 

(Thermo Fisher Scientific).  In brief, the sample was loaded onto an XBridge BEH C18 Column 789 

(130 Å, 3.5 µm, 2.1 mm  ´ 150 mm, Waters, UK) in buffer A and peptides eluted with an 790 

increasing gradient of buffer B (20 mM Ammonium Hydroxide in acetonitrile, pH 10) from 0-791 

95% over 60 min. The resulting fractions (5 in total) were evaporated to dryness and 792 

resuspended in 1% formic acid prior to analysis by nano-liquid chromatography tandem mass 793 

spectrometry (LC MSMS) using an Orbitrap Fusion Lumos mass spectrometer (Thermo 794 

Scientific). 795 
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For the Phospho proteome analysis, the remainder of the TMT-labelled pooled sample was also 796 

desalted using a SepPak cartridge (Waters, Milford, Massachusetts, USA). Eluate from the 797 

SepPak cartridge was evaporated to dryness and subjected to TiO2-based phosphopeptide 798 

enrichment according to the manufacturer’s instructions (Pierce). The flow-through and 799 

washes from the TiO2-based enrichment were then subjected to FeNTA-based phosphopeptide 800 

enrichment according to the manufacturer’s instructions (Pierce). The phospho-enriched 801 

samples were again evaporated to dryness and then resuspended in 1% formic acid prior to 802 

analysis by nano-LC MSMS using an Orbitrap Fusion Lumos mass spectrometer (Thermo 803 

Scientific).   804 

High pH RP fractions (Total proteome analysis) or the phospho-enriched fractions (Phospho-805 

proteome analysis) were further fractionated using an Ultimate 3000 nano-LC system in line 806 

with an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific). In brief, peptides in 807 

1% (vol/vol) formic acid were injected onto an Acclaim PepMap C18 nano-trap column 808 

(Thermo Scientific). After washing with 0.5% (vol/vol) acetonitrile 0.1% (vol/vol) formic acid, 809 

peptides were resolved on a 250 mm × 75 μm Acclaim PepMap C18 reverse phase analytical 810 

column (Thermo Scientific) over a 150 min organic gradient, using 7  gradient segments (1-811 

6% solvent B over 1 min, 6-15% B over 58 min, 15-32%B over 58 min, 32-40%B over 5 min, 812 

40-90%B over 1 min, held at 90%B for 6 min and then reduced to 1%B over 1 min) with a 813 

flow rate of 300 nL/min. Solvent A was 0.1% formic acid and Solvent B was aqueous 80% 814 

acetonitrile in 0.1% formic acid. Peptides were ionized by nano-electrospray ionization at 2.0 815 

kV using a stainless-steel emitter with an internal diameter of 30 μm (Thermo Scientific) and 816 

a capillary temperature of 300°C.  817 

All spectra were acquired using an Orbitrap Fusion Lumos mass spectrometer controlled by 818 

Xcalibur 3.0 software (Thermo Scientific) and operated in data-dependent acquisition mode 819 

using an SPS-MS3 workflow. Fourier-transformed mass-spectrometry 1 (FTMS1) spectra were 820 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 7, 2022. ; https://doi.org/10.1101/2022.01.26.477826doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.26.477826
http://creativecommons.org/licenses/by-nd/4.0/


 35 

collected at a resolution of 120,000, with an automatic gain control (AGC) target of 200,000 821 

and a maximum injection time of 50 ms. Precursors were filtered with an intensity threshold 822 

of 5,000 according to charge state (to include charge states 2-7) and with monoisotopic peak 823 

determination set to Peptide. Previously interrogated precursors were excluded using a 824 

dynamic window (60 s +/-10 ppm). The MS2 precursors were isolated with a quadrupole 825 

isolation window of 0.7m/z. Ion trap mass-spectrometry (ITMS2) spectra were collected with 826 

an AGC target of 10 000, max injection time of 70ms and Collision induced dissociation (CID) 827 

energy of 35%. 828 

For FTMS3 analysis, the Orbitrap was operated at 50,000 resolution with an AGC target of 829 

50,000 and a maximum injection time of 105 ms.  Precursors were fragmented by high energy 830 

collision dissociation (HCD) at a normalised collision energy of 60% to ensure maximal TMT 831 

reporter ion yield. Synchronous Precursor Selection (SPS) was enabled to include up to 10 832 

MS2 fragment ions in the FTMS3 scan. 833 

The raw data files were processed and quantified using Proteome Discoverer software v2.1 834 

(Thermo Scientific) and searched against the UniProt Escherichia coli (strain K12) [83333] 835 

database (downloaded November 2020: 8061 entries) using the SEQUEST HT algorithm.  836 

Peptide precursor mass tolerance was set at 10 ppm, and MS/MS tolerance was set at 0.6 Da. 837 

Search criteria included oxidation of methionine (+15.9949) as a variable modification and 838 

carbamidomethylation of cysteine (+57.0214) and the addition of the TMT mass tag 839 

(+229.163) to peptide N-termini and lysine as fixed modifications. For the Phospho-proteome 840 

analysis, phosphorylation of serine, threonine, tyrosine, histidine and aspartic acid (+79.966) 841 

was also included as a variable modification. Searches were performed with full tryptic 842 

digestion and a maximum of 2 missed cleavages were allowed. The reverse database search 843 

option was enabled and all data was filtered to satisfy false discovery rate (FDR) of 5%.    844 

Protein differential abundance analysis was carried out using limma[94], which has been shown 845 
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to be appropriate for proteomics data[95]. p-values were adjusted for false discovery rate using 846 

the method of Benjamini and Hochberg[96]. 847 

 848 

Cluster and gene ontology analysis 849 

Clustering analysis was performed using the mclust package (version 5.4.7) for R[97]. 850 

Clustering was performed on the transcriptomic and proteomic log2 fold-change data separately 851 

and then simultaneously on both data sets. Hyperspherical models of equal and unequal volume 852 

were tested for a range of 2 to 20 clusters and the minimal, best-fitting model was identified 853 

by the Bayes information criterion. We observed generally larger fold-change magnitudes in 854 

the transcriptomic data, which may dominate in simultaneous clustering on both data sets. 855 

Therefore, prior to simultaneous clustering of proteomic and transcriptomic data, the fold-856 

changes for each condition within each ‘omics data set were standardized by dividing by the 857 

sample standard deviations. 858 

Gene Ontology enrichment analysis was performed using the clusterProfiler package (version 859 

3.16.1) for R[98]. Enrichment in terms belonging to the “Biological Process” ontology was 860 

calculated for each gene cluster, relative to the set of all genes quantified in the experiment, via 861 

a one-sided Fisher exact test (hypergeometric test). P values were adjusted for false discovery 862 

by using the method of Benjamini and Hochberg[96]. Finally, the lists of significantly enriched 863 

terms were simplified to remove redundant terms, as assessed via their semantic similarity to 864 

other enriched terms, using clusterProfiler’s simplify function. 865 

 866 

Mathematical model and parameter inference 867 

In order to rationalise the data acquired via our microfluidics-microscopy assay, we described 868 

the dynamics of intracellular 2-NBDG concentration in single cells using the following 869 

ordinary differential equation (ODE): 870 
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𝑑[𝑔𝑙𝑢𝑐]#$
𝑑𝑡 = −𝑑%&'( 	[𝑔𝑙𝑢𝑐]#$ +

𝑢%&'(
𝑉(

	[𝑔𝑙𝑢𝑐])* . 871 

This equation describes the change of intracellular 2-NBDG concentration, [𝑔𝑙𝑢𝑐]#$, over time 872 

(left hand-side term) as the sum of two processes: intracellular 2-NBDG degradation (negative 873 

term in the right hand-side) occurring at rate 𝑑%&'( 	[𝑔𝑙𝑢𝑐]#$, and 2-NBDG uptake (positive 874 

term in the right hand-side) that we model as a first-order kinetics occurring at rate 875 

'!"#$
+$

	[𝑔𝑙𝑢𝑐])*, similarly to previous models5. Furthermore, [𝑔𝑙𝑢𝑐])* denotes the time-varying, 876 

extracellular 2-NBDG concentration. Here, since we measure the fluorescent intensity in the 877 

bacterial hosting channels (dashed line in Fig. 1) we chose to solve the ODE numerically 878 

approximating [𝑔𝑙𝑢𝑐])* at all times as a piecewise linear function. We note that with any 879 

functional form of [𝑔𝑙𝑢𝑐])* the ODE admits to an analytical solution, however the complex 880 

structure of the solution (involving time integration) defeats the purpose of using this directly 881 

for inference. An alternative approach would have been to assume instantaneous changes of 882 

external 2-NBDG at times 𝑡 = 0 (addition) and 𝑡 = 𝑡, = 1,200𝑠 (removal) and use the 883 

following simple analytical solution for inference purposes:   884 

[𝑔𝑙𝑢𝑐]#$ =

⎩
⎪
⎨

⎪
⎧ 𝑢%&'([𝑔𝑙𝑢𝑐])*

𝑑%&'(𝑉(
:1 − 𝑒-.!"#$/<, 𝑡, ≥ 𝑡 ≥ 0

𝑢%&'([𝑔𝑙𝑢𝑐])*
𝑑%&'(𝑉(

:𝑒-.!"#$(/-/%) − 𝑒-.!"#$/<, 𝑡 ≥ 𝑡,
 885 

However, such an approach misses out information (i.e. non-instantaneous 2-NBDG delivery) 886 

that is crucial for providing an accurate description of the kinetics in 2-NBDG accumulation in 887 

single cells. Rate constant 𝑢%&'( 	(𝜇m2s-,)	and 𝑑%&'( 	(s-,) dictate the rate of 2-NBDG uptake, 888 

and degradation, respectively. Parameter 𝑉( 	(𝜇m2) denotes the cellular volume, and its 889 

presence in the denominator of the uptake rate term ensures that intracellular 2-NBDG 890 

concertation is reduced in cells with larger volumes due to dilution (other parameters being the 891 

same). We estimate 𝑉( using the measured width and length of each cell and assuming a rod-892 
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like shape. We use the model and Bayesian inference techniques to extract information 893 

regarding rate parameters 𝑢%&'( , 𝑑%&'( from our single-cell measurements of intracellular 2-894 

NBDG accumulation and degradation. To capture cell-to-cell heterogeneity we employ a 895 

hierarchical Bayes approach where parameters 𝑢%&'( and 𝑑%&'( vary between single cells 896 

according to an underlying population distribution. To model this unknown population 897 

distribution we use an infinite Gaussian mixture model (iGMM)[99], which being a non-898 

parametric Bayesian model offers greater modelling flexibility than standard parametric 899 

distributional models. We note that the hierarchical Bayes approach also allow us to naturally 900 

incorporate in the model uncertainty (or lack of information) regarding the prior distribution of 901 

𝑢%&'( and 𝑑%&'(, as we do not have to specify explicit priors for these parameters but instead 902 

specify priors for the hyper-parameters of the iGMM model. Choices of priors for the iGMM 903 

hyper-parameters are given in Table 1. To sample from the posterior distribution of the two 904 

parameters, 𝑢%&'(,# and 𝑑%&'(,#, for each cell 𝑖, we employed an iterative Gibbs sampling 905 

scheme. Each iteration of the sampling scheme, indexed by 𝑘, consists of two steps. In the first 906 

step, parameters 𝑎%&'(,#
(4)  and 𝑑%&'(,#

(4)  are sampled for each cell (indexed by 𝑖) given the data, 𝒚# =907 

G𝑦#,/: 𝑖 = 1,… ,𝑀	, 𝑡 = 1,… , 𝑍M, cellular volume 𝑉(,#, external 2-NBDG profile [𝑔𝑙𝑢𝑐])*,#, 908 

coefficient of variation of the measurement error 𝐶𝑉)5565, and the iGMM parameterisation from 909 

the previous iteration, 𝜽#788
(4-,). In the second step, iGMM parameters, 𝜽#788

(4) , are sampled anew 910 

given the current values of 𝑎%&'(,#
(4)  and 𝑑%&'(,#

(4) . In summary, the algorithm involves sampling 911 

iteratively from the following target distributions: 912 

a) 𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) ~𝑃R∙ |𝜽#788
(4-,), 𝒚# , 𝑉(,# 	, [𝑔𝑙𝑢𝑐])*,# , 𝐶𝑉)5565U for each cell 𝑖; 913 

b) 𝜽#788
(4) ~𝑃R∙ |𝑎%&'(,#

(4) , 𝑣%&'(,#
(4) U. 914 

To sample parameters 𝑢%&'(,# and 𝑑%&'(,# in step a) we assume that the 2-NBDG accumulation 915 

and degradation measurement, 𝑦#,/ , taken form cell 𝑖 at time-point 𝑡 obeys a gaussian 916 
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distribution, 𝑦#,/~𝒩([𝑔𝑙𝑢𝑐]#,/ , 𝜎#,/), with mean [𝑔𝑙𝑢𝑐]#,/ and standard deviation 𝜎#,/ =917 

𝐶𝑉)5565 ∙ [𝑔𝑙𝑢𝑐]#,/. Here [𝑔𝑙𝑢𝑐]#,/ is obtained by solving the model numerically using the 918 

corresponding rate parameters, cellular volume, and external 2-NBDG concertation profile. 919 

This assumption allows us to use a single step of the Metropolis-Hastings algorithm to draw 920 

samples from the target distribution since this is proportional to a product of densities 921 

(gaussians and mixture of gaussians) all of which can be straightforwardly evaluated, i.e.,  922 

𝑃R𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) |𝜽#788
(4-,), 𝒚# , 𝑉(,# 	, [𝑔𝑙𝑢𝑐])*,# , 𝐶𝑉)5565U ∝923 

𝑃R𝒚#|𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) , 𝑉(,# 	, [𝑔𝑙𝑢𝑐])*,# , 𝐶𝑉)5565U	𝑃R𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) Y𝜽#788
(4-,)U =924 

Z∏ 𝑃R𝑦#,/|𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) , 𝑉(,# 	, [𝑔𝑙𝑢𝑐])*,# , 𝐶𝑉)5565U/ \ 	𝑃R𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) Y𝜽#788
(4-,)U =925 

	]∏ 𝒩([𝑔𝑙𝑢𝑐]#,/ , 𝜎#,/)/ ^	𝑃R𝑎%&'(,#
(4) , 𝑣%&'(,#

(4) Y𝜽#788
(4-,)U.  926 

In step b) of the algorithm, we sampled from the target distribution using the algorithm as 927 

proposed by Rasmussen[99]. In the first iteration of the scheme, 𝑘 = 1, we initialise 928 

𝑢%&'(,#
(,) , 𝑑%&'(,#

(,)  to values obtained using maximum likelihood estimation (perfomed using 929 

Matlab’s in-built nonlinear least-squares solver lsqcurvefit; using the Levenberg-Marquardt 930 

optimization algorithm and with the maximum number of iterations set to 15). The scheme was 931 

implemented and run using Matlab R2018. 932 

 933 

Hyper-

parameters 

Hyper parameter description Prior 

𝛼 Concentration parameter of the 

Dirichlet prior. 

𝛼~𝐺𝑎𝑚𝑚𝑎(1,1) 

𝜆 Mean of the 2D-Guassian prior for 

component means  

𝜆~𝑁𝑜𝑟𝑚𝑎𝑙(𝜇9 , Σ9) 
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𝑟-, St. deviation of the 2D-Guassian prior 

for component means. 

𝑟~𝑊𝑖𝑠ℎ𝑎𝑟𝑡(Σ9-,/2,2) 

2	𝛽 Shape parameter of the 2D Wishart 

prior for component precisions (ie, 

inverse st. devs.) 

𝛽 − 1~𝐺𝑎𝑚𝑚𝑎(1,1) 

𝑤-,/2 Scale matrix of the 2D Wishart prior 

for component precisions (ie, inverse 

st. devs.) 

𝑤~𝑊𝑖𝑠ℎ𝑎𝑟𝑡(Σ9 /2,2) 

Table 1. Hyperparameters of the infinite Gaussian mixture model and the associated 934 

priors used in our analysis. 𝜇9 , Σ9 are obtained in the first step of our algorithm as the mean 935 

and covariance matrix of the model parameters values, (𝑢%&'(,#
(,) , 𝑑%&'(,#

(,) ), obtained via maximum 936 

likelihood estimation.  937 
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SUPPLEMENTAL INFORMATION 1263 

 1264 
Figure S1. Temporal dependence of the mean intracellular fluorescence of the glucose 1265 
analogue 2-NBDG averaged over 60 individual E. coli at the top of each dead-end bacteria-1266 
hosting channel (red squares, position 1) or below such cells (black circles, position 2). Bacteria 1267 
at position 2 are closer to the main microfluidic chamber i.e. the 2-NBDG source, whereas 1268 
bacteria at position 1 are screened by one cell. Statistical comparisons are reported in Table S1. 1269 
Inset: bright-field microscopy image illustrating bacteria in positions 1 and 2, scale bar: 5 µm. 1270 
 1271 
 1272 

 1273 
Table S1. Statistical comparisons of 2-NBDG accumulation in E. coli at the top of each dead-1274 
end bacteria-hosting channel or below such cells (positions 1 and 2 in Fig. S1, respectively). 1275 
 1276 

Time (s) t ratio df p- value
0
100 1,26 58 0,21
200 1,60 58 0,11
300 0,52 58 0,60
400 0,18 58 0,86
500 0,12 58 0,91
600 0,01 58 0,99
700 0,11 58 0,92
800 0,07 58 0,94
900 0,11 58 0,91
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 1277 
Table S2. Temporal dependence of the mean and coefficient of variation of intracellular 1278 
fluorescence of the glucose analogue 2-NBDG over at least 30 individual E. coli (collated from 1279 
biological triplicate) per environmental condition as detailed in Figure 2.  1280 
 1281 
 1282 
 1283 
 1284 
 1285 

Mean 
fluorescence 

(a.u.)

CV 
fluorescence 

(%)

Mean 
fluorescence 

(a.u.)

CV 
fluorescence 

(%)
0 0 0 0 0
100 17 48 22 61
200 37 90 40 49
300 250 46 417 58
400 435 35 546 58
500 533 33 647 55
600 613 32 692 57
700 685 32 762 55
800 699 33 769 58
900 733 32 740 60
1000 730 34 683 54
1100 761 32 663 59
1200 580 46 458 54
1300 350 47 293 61
1400 231 49 208 64
1500 156 52 150 67
1600 112 52 113 69
1700 83 55 91 67
1800 63 55 76 69
1900 53 53 64 64
2000 42 47 51 64

Mean 
fluorescence 

(a.u.)

CV 
fluorescence 

(%)

Mean 
fluorescence 

(a.u.)

CV 
fluorescence 

(%)
0 0 0 0 0
100 12 86 12 86
200 13 84 16 90
300 148 70 722 43
400 262 45 1208 42
500 298 43 1507 40
600 332 39 1669 38
700 326 41 1648 39
800 317 43 1676 38
900 373 39 1714 38
1000 393 43 1583 39
1100 429 38 1670 38
1200 328 45 1146 46
1300 155 38 582 55
1400 83 50 341 64
1500 44 98 186 55
1600 34 118 124 60
1700 23 128 82 79
1800 25 143 53 70
1900 29 151 40 62
2000 18 169 27 71

Salt depletion Nutrient and salt depletion

Time (s)

Optimal growth conditions Nutrient depletion

Time (s)
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 1286 
Table S3. Statistical comparisons of 2-NBDG accumulation in E. coli under nutrient, salt or 1287 
combined nutrient and salt depletion compared to optimal growth conditions. 1288 
 1289 
 1290 
 1291 
 1292 
 1293 
 1294 
 1295 
 1296 
 1297 
 1298 

Time (s)
t ratio df p- value

0
100 2,07 112,00 0,04
200 0,45 112,00 0,65
300 4,96 112,00 <10-5
400 2,53 112,00 0,01
500 2,27 112,00 0,03
600 1,43 112,00 0,15
700 0,30 112,00 0,20
800 1,11 112,00 0,27
900 0,12 112,00 0,90

Time (s)
t ratio df p- value

0
100 3,46 166,00 <10-3

200 6,43 166,00 <10-6

300 5,89 166,00 <10-6

400 7,94 166,00 <10-6

500 9,47 166,00 <10-6

600 10,74 166,00 <10-6

700 12,05 146,00 <10-6

800 12,35 146,00 <10-6

900 11,11 146,00 <10-6

Time (s)
t ratio df p- value

0
100 3,39 120,00 <10-3

200 3,99 120,00 <10-4

300 11,91 120,00 <10-6

400 12,33 120,00 <10-6

500 13,14 120,00 <10-6

600 13,55 120,00 <10-6

700 11,89 110,00 <10-6

800 11,96 110,00 <10-6

900 11,60 110,00 <10-6

Salt depletion

Nutrient depletion

Nutrient and salt depletion
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 1299 
Figure S2. Total intracellular fluorescence of the glucose analogue 2-NBDG in individual E. 1300 
coli under optimal growth conditions and combined nutrient and salt depletion (black and red 1301 
bars, respectively) measured by flow cytometry after 900s bulk incubation in 2-NBDG. 1302 
Noteworthy, these measurements were not normalized by cell size. 1303 
 1304 

 1305 
Figure S3. Temporal dependence of the mean intracellular fluorescence of thioflavin T in 1306 
individual E. coli in a) optimal growth conditions and b) under combined nutrient and salt 1307 
depletion. Lines are temporal dependences of the intracellular fluorescence of individual 1308 
bacteria collated from biological triplicate. Noteworthy, we measured thioflavin T fluorescence 1309 
as the mean fluorescent values of each pixel constituting each bacterium, thus normalizing by 1310 
cell size. Insets: corresponding fluorescence images at t=45min when the intracellular ThT 1311 
accumulation has reached saturation levels in individual bacteria. c) Corresponding total 1312 
intracellular fluorescence of thioflavin T under optimal growth conditions or combined nutrient 1313 
and salt depletion (black and red bars, respectively) measured by flow cytometry after 45min 1314 
bulk incubation in thioflavin T. Noteworthy, these measurements were not normalized by cell 1315 
size. Statistical comparisons are reported in Table S4. 1316 
 1317 
 1318 

 1319 
Table S4. Statistical comparisons of thioflavin T accumulation in E. coli in optimal growth 1320 
conditions and under combined nutrient and salt depletion as measured via single-cell 1321 
microfluidics-microscopy and flow cytometry.  1322 

t ratio df p- value t ratio df p- value
0 3,78 94 <10-6

12 7,98 94 <10-6

22 5,56 94 <10-6

37 6,01 94 <10-6

42 6,23 94 <10-6 257,9 99578 <10-6

Microfluidics-microscopy assayTime 
(min)

Flow cytometry assay
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 1323 
Figure S4. Distribution of total intracellular fluorescence of 2-NBDG under nutrient depletion 1324 
alone or combined nutrient and salt depletion (green and red violins, respectively) using M9 1325 
minimal medium with limited (i.e. 0.1 g/L) a) glucose or b) ammonia. Measurements were 1326 
performed on 50,000 bacteria for each environmental condition using flow cytometry after 1327 
900s bulk incubation in 2-NBDG. These measurements were not normalized by cell size. ****: 1328 
p-value <0.0001. 1329 

 1330 
Figure S5. Temporal dependence of the mean intracellular fluorescence of the glucose 1331 
analogue 2-NBDG in individual E. coli under a) optimal growth conditions, b) nutrient 1332 
depletion, c) salt depletion or d) combined nutrient and salt depletion during removal of 2-1333 
NBDG from the extracellular environment. Lines are temporal dependences of the intracellular 1334 
fluorescence of individual bacteria from biological triplicate. Symbols and error bars are the 1335 
corresponding means and standard error of the means of such single-cell measurements. Means 1336 
and coefficient of variations of these single-cell values are reported in Table S2. These 1337 
measurements were normalized by cell size. Measurements were carried out on N=76, 38, 90 1338 
and 46 individual bacteria, in a)-d), respectively. 1339 
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 1340 

 1341 
Table S5. Statistical comparisons of the predicted 2-NBDG uptake and degradation values 1342 
under nutritional, salinity or combined nutritional and salinity depletion compared to optimal 1343 
growth conditions.  1344 
 1345 

 1346 
Table S6. Median and coefficient of variation (CV) of the predicted uptake and degradation 1347 
rate values in optimal growth conditions, under nutritional, salinity or combined nutritional and 1348 
salinity depletion.  1349 
 1350 

 1351 
Figure S6. Distribution of single-cell fluorescence after 900 s incubation in 2-NBDG for the 1352 
parental strain (PS) and Dpgm deletion mutant under salt depletion or simultaneous nutrient 1353 
and salt depletion. Dashed and dotted lines indicate the median and quartiles of each 1354 
distribution, respectively. Under nutrient and salt depletion the Dpgm deletion mutant displayed 1355 
significantly lower 2-NBDG accumulation compared to the parental strain (***). In contrast, 1356 
under optimal growth conditions the Dpgm deletion mutant displayed 2-NBDG accumulation 1357 
comparable to the parental strain. 1358 
 1359 
 1360 
 1361 
 1362 
 1363 

t ratio df p- value t ratio df p- value
Nutrient depletion 3.88 62,0 0.0003 3.41 42 0.0015

Salt depletion 7.46 116,0 <0.0001 10.97 83 <0.0001
Nutrient and salt depletion 2.59 86,0 0.01 9.30 80 <0.0001

Uptake rate Degradation rateComparisons with 
optimal growth

Optimal growth conditions -1,73 13 -2,35 3
Nutrient depletion -1,94 15 -2,31 9

Salt depletion -2,05 15 -2,12 9
Nutrient and salt depletion -1,52 19 -2,18 5

Uptake rate Degradation rateEnvironment
Median MedianCV (%) CV (%)
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 1364 
Figure S7. Temporal dependence of the mean intracellular fluorescence of the glucose 1365 
analogue 2-NBDG in E. coli cultured in optimal growth conditions without (circles) or with an 1366 
additional 1h exposure to the supernatant collected from E. coli cultures under combined 1367 
nutritional and salinity depletion (squares) before 2-NBDG accumulation measurements. 1368 
Symbols and error bars are the means and standard error of the means over at least 20 single-1369 
cell measurements. 1370 
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