bioRxiv preprint doi: https://doi.org/10.1101/2020.05.19.104141; this version posted May 26, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

O W N o U B~ W N

S e S e S o
© 00 N O U A W N kL O

available under aCC-BY-ND 4.0 International license.

THE IMPACT OF MISTRANSLATION ON PHENOTYPIC VARIABILITY AND
FITNESS

Laasya Samhita®™, Parth K Raval®!, Godwin Stephenson®!, Shashi Thutupalli*® and Deepa
Agashe™

*National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bangalore,
India
PInternational Centre for Theoretical Sciences, Tata Ingtitute of Fundamental Research,

Bangalore, India

*Correspondence:
Laasya Samhita (laasyas@ncbs.res.in, laasya2@gmail.com)
Deepa Agashe (dagashe@ncbs.res.in)

YEqual contribution


https://doi.org/10.1101/2020.05.19.104141
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.19.104141; this version posted May 26, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

20 ABSTRACT

21 Phenotypic variation is widespread in natural populations, and can significantly alter their
22 ecology and evolution. Phenotypic variation often reflects underlying genetic variation, but
23 aso manifests via non-heritable mechanisms. For instance, translation errors result in about
24 10% of cellular proteins carrying altered sequences. Thus, proteome diversification arising
25 from translation errors can potentialy generate phenotypic variability, in turn increasing
26  variability in the fate of cells or of populations. However, this link remains unverified. We
27  manipulated mistranslation levels in Escherichia coli, and measured phenotypic variability
28  between single cells (individual level variation), as well as replicate populations (population
29 level variation). Monitoring growth and survival, we find that mistranslation indeed increases
30 variation across E. coli cells, but does not consistently increase variability in growth
31 parameters across replicate populations. Interestingly, athough any deviation from the wild
32 type (WT) level of mistranslation reduces fitness in an optimal environment, the increased
33 variation is associated with a survival benefit under stress. Hence, we suggest that
34  mistranslation-induced phenotypic variation can impact growth and survival and has the
35  potential to alter evolutionary trajectories.

36

37 Keywords: Mistranslation, non-genetic mechanisms, phenotypic variation, fitness
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33 INTRODUCTION

39

40  Non-genetic phenotypic variability has long fascinated biologists, not least due to its potential
41  evolutionary impacts. Various aspects of such variation have been analysed from distinct
42  perspectives. Perhaps the best-studied form of non-genetic variation is phenotypic plasticity,
43 when individuals change their phenotype in response to their local environment. Such
44  plasticity — which may be adaptive — is studied largely in animals and plants, and has clear
45  consequences for population as well as community ecology and evolution (reviewed in
46  Bolnick et al. 2011; Raffard et al. 2019). In other cases, only some individuals in a population
47  may respond to environmental change at a given point of time. The resulting heterogeneity in
48  the population potentially represents an evolved bet-hedging strategy, whereby different
49 fractions of the population are better adapted to distinct environments (reviewed in
50 Ackermann 2015). For instance, some cells in Bacillus subtilis populations form spores in
51  stressful conditions (Tan and Ramamurthi 2014), whereas others remain metabolically active.
52  Under prolonged stress, the spores stand a better chance of survival; however, if the stressis
53  transient, non-spore formers divide more rapidly. Finally, rather than specific responses to
54  environmental change, genetically identical cells may have distinct phenotypes due to “noise”
55 arising from stochastic variation in gene expression or errors in transcription and translation
56  (Drummond and Wilke 2009; Gout et al. 2013; Ackermann 2015; Carey et a. 2018). Such
57 phenotypic heterogeneity has been well studied in microbial populations, athough its
58  evolutionary consequences are relatively poorly understood (Ackermann 2015; van Boxtel et
59 a. 2017).

60

61  The evolutionary impacts of non-genetic variation are usually reported either as divergent
62 individual level outcomes (e.g. genetically identical cells with distinct phenotypes may have
63  different reproductive success; Fig. 1a), or as altered mean population-level parameters (e.g.
64  heterogenous populations may grow more slowly than homogeneous populations; Fig. 1b).
65 Both are useful from an evolutionary perspective: growth and survival of individuals
66  ultimately determines trait mean and variance within the population, and hence the outcome
67 of selection. However, non-genetic variation could alter not only average population
68 performance, but also the variance in population level parameters. For example, replicate
69  populations with high individual-level heterogeneity may have more variable average growth
70  rates than replicate homogeneous populations (Fig. 1c). This may occur, for example, due to

71  stochastic effects in each replicate, or due to divergent outcomes of interactions between
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72 individuals in each population. Thus, despite similar initial heterogeneity within each
73 replicate, the population level outcomes may be divergent (right hand plot in Fig. 1c). Such
74  effects on variance are important to measure, because higher variance in evolutionary
75 outcomes between populations reduces the repeatability (and hence predictability) of
76  evolutionary dynamics. However, the potential impact of between-individual phenotypic
77  heterogeneity on the variance in population level parameters remains unexplored. Hence, it is
78 unclear whether a mechanism that generates individual level variation (i.e. between cells or

79  organisms) also consistently generates divergent population-level outcomes.

80

81  From a mechanistic perspective, translation errors are especially interesting because they are
82  an inescapable aspect of the biology of al life forms, and they occur a a high rate. For
83 instance, in Escherichia coli, about 10% of dihydrofolate reductase enzyme molecules differ
84  from the native sequence of the protein (Ruan et al. 2008). The typical mistranslation rate is
85  ~1in 10* incorrect amino acids in a growing protein chain, increasing to as high as 1 in 10°
86  amino acids under stress (Ribas de Pouplana et al. 2014; Mordret et al. 2018). Such high error
87 rates can generate significant proteome diversity (Nakahigashi et al. 2016; Mordret et al.
88  2018). Importantly, unlike many other forms of non-genetic variability in microbes — such as
89 gpore formation and persister cells (Ackerman 2015) — mistranslation can generate
90  continuous (rather than binary) phenotypic variation, allowing a more fine-tuned response to
91 alarge diversity of stresses. Such continuous variation in protein quality or quantity can
92 reliably generate large phenotypic variability, as seen with the heat shock protein Hsp90
93  (Cowen and Lindquist 2005) and prions (Halfmann et a. 2012), which in turn can determine
94  survival in a new environment (Novick and Weiner 1957). Therefore, it is speculated that
95  mistranslation-induced non-genetic variation may generate substantial phenotypic variability,
96 potentialy atering the outcome of natural selection (Miranda et al. 2013; van Boxtel et al.
97  2017).

98

99 However, postulating a genera hypothesis about the evolutionary consequences of
100  mistranslation-induced variation requires consideration of multiple nuances. First, proteome
101 diversity is visible to natural selection only if it leads to phenotypic diversity in traits that
102 influence fitness. Given various buffering mechanisms driven by chaperones and the
103  degradation of mistranslated products (Bratulic et al. 2015; Kalapis et a. 2015), protein

104  diversity may not always generate phenotypic diversity. Hence, in the absence of this link,


https://doi.org/10.1101/2020.05.19.104141
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.19.104141; this version posted May 26, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

105  proteome diversity is of little evolutionary consequence. Second, the effects of mistranslation
106 are inherently unpredictable and not heritable, weakening the potential for long-term
107  consequences. In microbes such as E. coli, proteome diversity has limited across-generation
108  persistence due to protein dilution at cell division. Hence, favourable mistranslated protein
109  variants may never be sampled again, limiting their effect on evolutionary dynamics. Finally,
110  in aconstant optimal environment, populations should face stabilizing selection. This means
111 that any mechanism that generates increased variability between individuals is likely to move
112 them away from the optimal phenotype, creating a ‘phenotypic load’. Therefore, if
113  mistranslation increases cell to cell variability, it is likely to be adaptive primarily under
114  directiona or disruptive selection, such as might be imposed in a new environment or under
115  dtress. In contrast, in a constant environment, mistranslation is more likely to be maladaptive.
116  These limitations of the evolutionary consequences of mistranslation remain largely untested.
117  Previous work shows that increased mistranslation can generate diversity in cell morphology
118 and cell surface receptors (Bezerra et al. 2013; Miranda et al. 2013). However, there is
119  limited experimental evidence directly linking mistranslation with phenotypic variation
120  relevant to fitness.

121

122  Here, we tested whether altering mistranslation levels in E. coli impacts variability at both
123 single cell and population levels, in phenotypes relevant for growth and survival. We
124  increased the basal level of mistranslation in wild type (WT) cells by introducing mutations
125  or by changing the growth environment. Recently, we showed that generalised mistranslation
126  increases mean population survival under specific stresses (Samhita et al. 2020). However,
127  we had not explored whether mistranslation generates phenotypic variability that influences
128  both cell and population fitness, and in optimal as well as stressful environments. Here, we
129  find that mistranslation indeed increases phenotypic diversity in E. coli at the single cell
130 level, and that suppressing mistranslation via hyper-accurate ribosomes reduces this
131 variability. However, increased single-cell variability did not affect variability in population
132 level growth parameters. Importantly, while mistranslation-associated variability is costly in
133  optimal conditions, it increases survival under stress; and this effect is observed even with a
134 transient increase in mistranslation. Thus, mistranslation indeed results in phenotypic
135  diversification across cells, and this diversity is directly correlated with survival under stress.
136

137 RESULTS

138
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139  Mistranslation increases cell-to-cell but not between-population variability in growth
140 and division time

141 To test the impact of mistranslation on phenotypic variation, we manipulated basal
142  mistranslation levels and measured division time and cell length of GFP-tagged single cellsin
143 amicrofluidics device (Fig. 2a). Cell division time is a key proxy for fitness under optimal
144  growth conditions, and changesin cell length are predictive of the physiological state of a cell
145  (Wehrens et al. 2018). We geneticaly increased mistranslation levels in our WT E. coli,
146  generaing the “Mutant”: a strain with depleted initiator tRNA content that has increased
147  mistranslation rate (Samhita et al. 2013). Conversely, we reduced mistranslation rate by
148  introducing a mutation in the ribosomal protein S12. Other than these genetic manipulations,
149  we also increased mistranslation rates by adding the amino acid analogues canavanine or
150 norleucine, or the antibiotic streptomycin to the WT growth media. In each case, we
151  measured phenotypic variability across cells and across populations. Because the data were
152 not normally distributed, we compared distributions for spread around the median using the
153 Fligner-Killeen test.

154

155  As predicted, all methods of increasing mistranslation increased cell-to-cell variation in the
156  timeto division (Fig. 2b—; Fligner Killeen test: Mutant >WT, X?=9, P < 0.0001; WTea>WT,
157  X°=84.9, P < 0.0001;WTn>WT, X°=54.1, P < 0.0001; WTg>WT, X°=326, P <
158  0.0001;Table S1) and most led to increased cell size variability (Fig. 2d—e; Fligner Killeen
159  test Mutant>WT, X°=86.9, P < 0.0001; WT<WT, X°=46.4, P < 0.0001; WTo>WT,
160  X°=58.5, P < 0.0001; >WT vs WTgp, ns, X’=15, P =0.2; Table S1). Conversely, reducing
161  mistranslation via hyper-accurate ribosomes reduced variability in cell size but not division
162  time of the WT, but did not reduce either for the Mutant (Fig. 2b and 2d; See Table S1). In
163  the analyses described above, for each strain we pooled data across ~60 channels of the
164  microfluidics device (each with asingle, original mother cell) and ~600 divisions. To confirm
165  that this pooling did not end up averaging differences across generations, we re-analysed data
166  focusing only on the first three divisions of each mother cell (~60 cells in total); and found
167  similar results (Fig. S2). Thus, our microfluidics experiments show that mistranslation
168  directly increases single cell phenotypic variability in growth and division time.

169

170  Next, we examined the consequences of mistranslation on variability at the population level.

171 We compared growth curves of ~40 replicate populations per strain/condition (Fig. S3), to
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172 test whether cell to cell variability manifests at the population level in growth parameters of
173  mistranglating strains. Interestingly, in most cases increasing mistranslation did not increase
174  between-population variability in growth rate, lag time (time until culture reaches ODeggo
175  ~0.02), or growth yield (Fig. 3; Table S1). The only exceptions were increased between-
176  population variability in WT growth rate due to streptomycin (Fig. 3a), and WT yield due to
177  streptomycin or norleucine (Fig. 3b; Table S1). Contrary to expectation, reducing
178  mistranslation through hyper-accurate ribosomes also increased variability in the WT lag
179  timeand in all three parameters for the Mutant (Fig. 3; Table S1). Thus, in contrast to single-
180  cell variability, mistranslation did not consistently affect variability in population level
181  growth parameters.

182

183  Mistranslation is costly under normal conditions

184  In addition to affecting variability in single cell growth parameters, altering mistranslation
185 levels often incurred a cost. At the single cell level, median time to division increased
186  dignificantly with higher mistranslation, although reducing mistranslation had no effect (e.g.
187  WT: 36 min, Mutant: 62 min; Mann-Whitney test, U=45832, P<0.001; Fig. 2b and 2c; Table
188  Sl). Increased mistranslation also increased cell length in most cases (Fig 2d and 2e; WT 2.4
189  pumyvsMutant 2.7 um, Mann-Whitney test, U=586570, P<0.0001; other comparisons in Table
190  S1), wheress reducing WT mistranslation through hyper-accurate ribosomes decreased cell
191  length (WT 2.4 vs WT(HA) 2.2 um, Mann-Whitney test, U=710144, P<0.001). Increased cell
192 length might partly account for greater division times of mistranslating strains, although we
193  did not explicitly test this. Note that while increased cell length is associated with stressful
194  conditions (Wehrens et al. 2018), it is not clear if longer cells are necessarily a cost here,
195 given the associated increase in biomass. These patterns at the single cell level were also
196 reflected in population level parameters. Populations with either increased or decreased
197  mistranglation relative to WT had lower growth rate and greater lag time for the most part,
198  athough growth yield did not change consistently (compare median valuesin Fig. 3a and 3c;
199  aso see Fig. $4 and Table S1). Overall, mistranslating cells were longer and divided more
200 slowly than the WT, and mistranslating populations showed slower growth; suggesting a cost
201 of mistranslation.

202

203  Mistranslation increases population survival under stress
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204  Although costly under normal conditions, previous studies suggest that mistranslation often
205  confers a benefit under stress at the population level (reviewed in Mohler and Ibba 2017) .
206  We therefore examined the impact of two stresses — high temperature (42°C ) and starvation
207  (Koch 1971; van Elsas et a. 2011) — on single cell and on population growth parameters.
208  Both WT and Mutant single cells divided faster at 42°C than at 37°C, but the increase was
209  much larger in the Mutant (compare Fig. 4avs. Fig. 2b; median division time WT (42°C): 28
210  minvs. WT (37°C): 36 min, Mann-Whitney test, U=89652, P<0.0001; Mutant (42°C): 38 min
211 vs. Mutant (37°C): 62 min, U=66956, P<0.0001). Thus, the cost of mistranslation decreased
212  a high temperature; but the Mutant still took longer to divide than the WT (median division
213 time: Mutant 38 min vs. WT 28 min, Mann-Whitney test, U=123307, P<0.0001). At 42°C,
214  reducing mistranslation rate was also slightly costly for the Mutant (median division time:
215  Mutant (HA) 40 min, Mutant 38 min, Mann-Whitney test, U=149832, P=0.003), and more so
216  for the WT (median division time WT(HA) 34 min >WT 28 min, Mann-Whitney test,
217 U=118457, P<0.0001) (Fig. 4a). Overal, an increase in temperature reduced the cost of slow
218  growth and mistranslation (as measured by division time difference) in the Mutant, but did
219 not give it a growth advantage over the WT. All else being equal, division time is a good
220 measure of fitness in actively dividing cells; but once cells enter stationary phase, division
221 rate decreases and growth rate no longer determines competitive fitness. We therefore
222 examined longer term survival as a population level fitness measure, assessing total viable
223 counts in 48 h (stationary phase) cultures expose to high temperature. Across populations,
224  mutant survivability was higher than WT at both 37°C and 42°C, with a stronger effect at
225  42°C (Fig. 4b; Table S1). Thus, mistranslation was either beneficial or less costly for cells
226  and populations exposed to high temperature stress.

227

228  Next, we tested cell survival under starvation stress. We introduced diluted overnight cultures
229 in the microfluidics device, alowed them to enter mid-log phase and then added saline
230  (0.85% NaCl) instead of growth medium, to test whether Mutant and WT had different rates
231 of cell death in the absence of nutrients (where no cell division can occur). We did this across
232 three different experimental blocks, sampling ~650 cells of WT and Mutant each, in total
233  (Fig. S5). After 10 h, repeatably, on average ~19% WT cells died, while only ~4% M utant
234  cells died; suggesting that the Mutant is more robust to a lack of nutrients. To test whether
235 dead cells were more likely to have a specific phenotype, we retrospectively measured the
236 time to division and cell length of 31 dead cells and 86 live cells of WT from one set.
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237  Interestingly, both surviving and dead cells were drawn from across the original distribution
238  of cell length and division time (Fig. 4 c—d), indicating that survival was not linked to these
239  specific aspects of cellular level heterogeneity. We could not do a similar analysis for the
240 Mutant, due to the small number of dead cells. Our results suggest that mistranslation
241  increases cell survival under starvation-induced stress; but that the survival is not directly
242 connected to the indicators of cellular phenotype that we measured.

243

244  Lastly, we assessed the impact of mistranslation on population survival using competitive
245  fitness. We alowed WT to compete with its hyper-accurate derivative or with the Mutant,
246  using actively growing (log phase) or stationary phase cultures (under starvation) as a starting
247  point. As expected from their relative log phase growth rates (Fig. 3a), WT outcompeted both
248  the mutant and the hyper-accurate strains (Fig. 5a—b and Fig. S6). However, when competing
249  in stationary phase, Mutant had comparable or marginally higher fitness than the WT, both at
250 37°C and 42°C (Fig. 5¢—d). Thus, both increasing or decreasing mistranslation levels in the
251 WT imposed a fitness cost in nutrient rich conditions when rapid growth is favoured. In
252 contrast, under stress, cells with higher mistranslation rates could either co-exist with or
253  perform slightly better than cells with a lower mistranslation rate. Together, our results
254  indicate that mistranslation is costly for growth under optimal conditions, but is often
255  beneficial for survival under stress, at the single cell as well as population levels.

256

257  Thedegree of mistranslation does not corr elate with between-population variability

258  Whilesingle cell variability clearly increased with mistranslation, population level variability
259 did not show a clear correlation. To tease apart the role of mistranslation in generating
260  population variability, we exposed WT cells to a gradient of mistranglation, by treating them
261  with increasing concentrations of mistranslating agents (canavanine, norleucine or
262 streptomycin). We expected that across-replicate variability in population growth rate, yield
263 and lag time (estimated using the inter-quartile range of) would increase monotonicaly, as a
264  result of increasing mistranslation. However, we found that the degree of mistranslation was
265  not strongly correlated with either the median trait values (Fig. 6a-c) or the variability across
266  replicates (Fig. 6d-f). Furthermore, the patterns varied across mistranslating agents,
267  potentially driven by the specific mode of action of each agent, or itsimpact on other cellular
268  processes unrelated to mistranslation (see Discussion).

269


https://doi.org/10.1101/2020.05.19.104141
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.19.104141; this version posted May 26, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

270 A brief burst of mistranslation is sufficient to increase subsequent population survival
271 In the experiments described so far, we maintained a constant level of mistranslation
272 throughout the course of the experiment, because mistranslation generates fresh phenotypic
273  variability in each generation. As discussed in the Introduction, without such renewal, the
274  impact of initial mistranslation should diminish over successive generations. However,
275  proteome changes can be transferred across generations in other ways, such as through
276  protein aggregates (Govers et al. 2018). We therefore asked whether a brief pulse of
277  mistranslation can alter subsequent cell viability, and whether this effect scales with the
278  degree of initial mistranslation, both under normal growth conditions and under stress (high
279  temperature). We kept the window of exposure to the stress to within 2 doubling times of the
280  slowest strain (~2 h), so that any effects we observed were solely due to the mistranslating
281 agent and not confounded by subsequent selection on survivors. We aso ensured that the
282  concentrations of mistranslating agents and the magnitude of the stress used did not cause any
283 cell death within this window.

284

285  We found that briefly exposing cells to increasing concentrations of canavanine, norleucine
286  or streptomycin increased survival on LB agar at 37°C (Fig. 7a), consistent with our prior
287  observations with the Mutant (Fig. 4b and Fig. 5¢-d). Streptomycin was an interesting outlier,
288  with an intermediate concentration consistently maximizing survival. We speculate that this
289  concentration indicates a threshold beyond which the toxic effects of mistranslation
290 overwhelm its benefits. With increasing concentrations of mistranslating agents, as before
291  (Fig. 6a-c), we did not find a consistent trend towards higher median survival, except with
292 streptomycin (linear regression: WT,y, R?=0.005, P=0.4; WTca, R*=0.05, P=0.18; WTgp,
293 R’*=0.4, P=0.0004). Surprisingly, at 42°C, none of the treatments significantly increased mean
294  survival as compared with the WT (Fig. 7b). Again, survival increased with increasing
295  concentration of streptomycin, but the other mistranslating agents did not have this effect
296  (linear regression: WT,or, R®=0.001, P=0.9; WTca, R*=0.03, P=0.6; WTg,, R*=0.6, P=0.02).
297  Part of the reason for the lack of difference at 42°C could be the small sample size. For
298 logistical reasons (see Methods), we could not increase our sample size at 42°C; given the
299 large variability across replicates, we may thus have limited power to detect a correlation.

300

301 Overadl, as with population growth parameters (Fig. 6), there was no clear correlation

302  between the extent of mistranslation and magnitude of the survival benefit at the population

10
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303 level. However, a brief increase in mistranslation did increase subsequent survival. In
304  conjunction with previous results (Fig. 4b and Fig. 5c-d), these results suggest that
305 mistranslation has the potentia to influence longer-term population and evolutionary
306 dynamics.

307

308 DISCUSSION

309

310 Translational errors have been intensively studied by molecular biologists, leading to a
311 detaled understanding of their causes and immediate cellular consequences (Kramer and
312 Farabaugh 2007; reviewed in Ribas de Pouplana et al. 2014). At the same time, evolutionary
313  biologists have analysed the broader consequences of errors in cellular processes for non-
314 genetic adaptation (Whitehead et a. 2008; Evans et a. 2018). However, these two
315  perspectives have only rarely been connected, resulting in poor empirical understanding of
316  the possible role of mistranslation for survival and adaptation in new environments. By
317  directly manipulating mistranslation rates in multiple ways, we provide clear empirical
318 evidence that mistranslation introduces phenotypic variability across cdls; but does not
319  consistently introduce variability across populations. Furthermore, cell-to-cell variability has
320 environment-dependent impacts on fitness: atering WT mistrandation rates in either
321  direction is deleterious under optimal conditions, whereas mistranslation-induced variation is
322  associated with improved survival under stress (Fig. 8). Recently, using the same
323 manipulations, we showed that global mistranslation increases survival under at least two
324  dtresses, DNA damage and high temperature (Samhita et a. 2020). Together, these results
325  show that mistranslation-induced variability has the potential to significantly alter ecological
326  and evolutionary dynamics of populations.

327

328 Note that although mistranslation generated variability, it was difficult to establish whether
329 the variability itself was directly responsible for growth and survival benefits; or whether
330 these benefits arose due to secondary effects of mistranslation (see discussion below). It is
331  also tempting to speculate that the increased variability leads to a bet hedging strategy, i.e. a
332  gpecific sub-population within a heterogeneous population (for example, cells with the
333  highest growth rates, at one end of a long tail in the distribution) performs best in a new
334 environment. If so, the parent (non-diversified) population that lacks this subpopulation
335 would be a a disadvantage, leading to eventual over-representation of the subpopulation.
336 However, our single cell experiments do not support such a bet hedging strategy within the

11
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337 fitness parameters that we measured: cells that survived starvation were not drawn from a
338  specific region of the overal distribution of cell size and time to division (Fig. 4c-d). Itisstill
339  possible that mistranslating cells do sample a specific sub-population and exhibit bet hedging,
340 with reference to some other phenotype that we have not tested. For example, in the
341  expression level of a specific protein. Further experiments are necessary to test whether (and
342  under what conditions) mistranslation-induced single-cell variability may serve as a general
343  bet-hedging strategy, or consistently increase population growth or survival.

344

345 Interestingly, we did not find strong support for our hypothesis that within-population
346  variability can also generate across-population variability. Thus, despite the significant
347  between-cell variation introduced by mistranslation, population behaviour largely remains
348  repeatable (and hence predictable). What explains this discrepancy? It is possible that
349  averaging across several single cell distributions may hide the underlying variability. For
350 examplein our case, mistranslating cells have more variable division times. However, if all
351 populations consistently generate the same set of alternate proteomes (or distribution of
352 division times), then we would not see significant variation across replicate populations.
353  Alternatively, selection during the population growth cycle may ensure that only the fastest-
354 growing cells contribute to population growth rate, reducing the magnitude of variation
355  across replicate populations. This is plausible because increased cell-to-cell variability in
356  gpecific phenotypes (in our case, cell length and division time) also increases the number of
357 cells with a sub-optimal phenotype. In an unchanging or optima environment, such
358 maladapted cells decrease the mean trait value, leading to reduced population growth rate
359 (Fig. 8). Indeed, in fluctuating or stressful environments, both predictions (Zhuravel et al.
360 2010) and prior observations (Levy et al. 2012) suggest that cell to cell variability can be
361 beneficial, and hence more likely to persist. Thus, it is possible that under fluctuating
362  environments, cell-to-cell variation leads to increased variance across population fates.
363  Further work — including modelling efforts — may help to distinguish between these
364 possibilities, and resolve conditions under which single-cell (between-individual)
365  heterogeneity should also increase between-population variance.

366

367  Our results also indicate that the underlying cause of mistranslation may play alarge role in
368  determining the impact of mistranslation-induced variability. The effect of mistranslation
369 varied depending on the mechanism used to increase mistranslation, as well as across

370 different population growth parameters (growth rate, yield and lag time). These
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371 inconsistencies could stem from multiple factors: i) Each environmental manipulation
372 (canavanine, norleucine, streptomycin) affects different sets of proteins. For example,
373  canavanine and norleucine should respectively alter proteins rich in arginine and methionine;
374  while streptomycin has aglobal effect, impacting all protein production. Note that in addition
375 toincreasing variability in population parameters, streptomycin treatment also shows a trend
376  towards increasing variability in al population parameters measured (Fig. 6f). ii) Secondary
377  impacts unrelated to mistranslation may complicate the relationship between the degree of
378 mistranslation and phenotypic variability. For example, norleucine also inhibits DNA
379  methylation and methionine biosynthesis (Bogosian et al. 1989). To generate hyper-accurate
380  ribosomes, we used a mutation that impacts population growth rate minimally (Samhita et al.
381  2020), and the WT single cell data show tighter distributions for both division time and cell
382  length as compared with their parent strains (Fig. 2b—c, Table S1). However, lag time across
383  population replicates was more variable than in the parent strain both in the WT and Mutant
384 (Fig. 3e). Although we do not have a good explanation for this, the combination of two
385  mutationsin the Mutant background could lead to other epistatic effects. Also, hyper-accurate
386  ribosomes are expected to drop off more often during translation (Karimi and Ehrenberg
387  1994), potentially increasing variability in the number of actively dividing cells at any given
388  time, and altering lag time. Given these complex relationships, it is perhaps not surprising
389  that we do not see a consistent trend linking various causes of mistranslation with phenotypic
390 variability. Thus, our work identifies the mechanistic basis of mistranslation as an important
391 factor to understand the phenotypic effects of mistranslation.

392

393  Our work addresses gaps in prior work, broadening our understanding of the potentia role of
394 mistrandation in evolutionary dynamics. Previous studies found that mistranslation is
395 correlated with variability in phenotype (Bacher et a. 2007; Bezerra et al. 2013) but could
396 not establish a causal link. Others identified specific mechanisms that increased stress
397 resistance under global mistranslation mediated by altered proteomes (Fan et al. 2015), but
398  did not establish whether this relied on a general increase in phenotypic variability. In our
399  work, it is reasonable to assume that a “statistical proteome” is generated in each mutant cell
400 as a result of mistranslation (Winther and Gerdes 2011; Samhita et a. 2013). Depleting
401 initiator tRNA content (as in our mutant) can alter the cellular proteome in various ways: via
402  non AUG initiation (Winther and Gerdes 2011; Samhita et al. 2013), ribosome aterations
403  (Shetty and Varshney 2016) or by simply lowering translation rates (Samhita et al. 2014),

404  potentialy leading to instantaneous changes in global transcript as well as protein levels. We
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405 show that completely different mechanisms of mistranslation (non-AUG initiation and
406  decreased trandation; replacing an amino acid with a non-native analogue; increasing
407  decoding errors) al converge on the pattern of increased variability in growth and survival.
408  Thus, the potentially varied and specific mechanisms linking various forms of mistranslation
409 to phenotypic variation ultimately achieve the same end point under stress. an increased
410  probability of population survival. In addition, compared to prior work, our results are
411  somewhat more applicable to E. coli function and evolution in natural ecosystems. For
412  instance, the ecological relevance of genetic manipulations used in prior work (such as
413  mutations in the ribosomal protein 4 (Fan et a. 2015; Bratulic et al. 2017)) is unclear. In
414  contrast, translation —and specifically translation initiation — is reduced in response to several
415  environmental stresses (Nagase et al. 1988; Winther and Gerdes 2011; Watanabe et al. 2013),
416  creating a cellular environment analogous to that of our mistranslating mutant with reduced
417  initiator tRNA. Second, we used two stressful conditions — starvation and high temperature —
418  that lead to increased cell death in E.coli and are thought to be encountered by E.coli in its
419 natural habitat (reviewed in Koch 1971; van Elsas et a. 2011). Finally, we measured the
420 impact of mistranslation on cell growth and survival, which are key parameters governing
421  microbia ecological and evolutionary dynamics and have significant repercussions for
422  genome structure and evolution (Roller et al. 2016). Thus, we speculate that cells could
423 modulate mistranslation levels as a generalized, global response to multiple stressful
424  conditions that they encounter in nature.

425

426 In closing, we note that our results lead to a number of interesting open questions. For
427  instance, while we observe that mistranslation reliably generates variability, we do not know
428 if the same variants are re-generated across generations, precisely which variants survive
429  under each stressful condition; and whether this is predictable across environments. More
430  work is also needed to clarify whether advantageous variants pave the way for the phenotype
431  to be fixed by mutation, as suggested previously (Cowen and Lindquist 2005; Whitehead et
432  a. 2008). Finally, while our experiments inform about the short-term impact of atering
433  mistranglation, the longer-term impacts of mistranslation need to be investigated further. For
434  instance, recent work showed that a mistranslating strain fixes distinct sets of beneficial
435  mutations during laboratory adaptation to antibiotic stress (Bratulic et a. 2017). It would be
436  exciting if these results could be generalized across various stresses and forms of

437  mistranglation. Here, we have built a foundation to address these questions by demonstrating
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438  that mistranslation can influence short-term population trgjectories and set the stage for
439  longer-term evolutionary consequences.

440

441 MATERIALSAND METHODS

442

443  Bacterial strains

444  To manipulate mistranslation levels in wild type (WT) KL16 E. coli cells (Low 1968), we
445  used two genetically atered derivatives of the WT. As our foca ‘mistranslating’ strain, we
446  used the KLAZWV strain (henceforth *mutant’), which lacks three of the four initiator tRNA
447  genes encoded by E. coli (Samhita et al. 2013). Initiator tRNA acts only at the first step of
448  protein synthesis and has no substitute (Gualerzi and Pon 2015). Since the mutant carries
449  ~25% of the WT initiator tRNA complement, it has a lower rate of protein synthesis, a ~20%
450  slower growth rate than the WT (Samhita et al. 2020), and mistranslates through non-AUG
451 initiation (Samhita et al. 2013). In contrast, to reduce mistranslation rates in the WT, we
452  introduced a mutation (K42R) in the protein S12 that increases translation accuracy by
453  reducing the frequency of decoding errors (Chumpolkulwong et al. 2004). We transferred this
454  mutation into KL16 and KLAZWV from the parent strain SS3242 obtained from CGSC, Yae
455 university, via P1 transduction, generating strains KL(HA) and KLAZWV(HA), referred to as
456  WT(HA) and Mutant(HA) in the text. The mutation led to an ~10-fold increase in translation
457  accuracy both in the WT and in the Mutant (Samhita et al. 2020). For single-cell variability
458  measurements, we used WT and mutant strains carrying a genomically encoded,
459  constitutively expressed GFPmut2 allele tagged with a kanamycin resistance marker inserted
460  between the genes aidB and yjfN, and expressed from a P5 promoter (gifted by Prof Bianca
461  Sclavi, ENS, Paris).

462

463  Growth conditions and media

464  When generating strains or to simulate control (normal growth) conditions, we grew bacterial
465  cultures in Luria Bertani medium (LB) or on LB-agar plates containing 1.8% (w/v) agar
466  (Difco), incubated at 37°C. In some experiments, we also altered growth conditions to elevate
467  mistrandation levels and/or impose stress, as follows. To increase mistranslation levels, we
468 added (1) canavanine sulphate at concentrations ranging from to 0.375 to 3 mg/mL as
469  specified in each experiment (canavanine is an analogue of arginine that induces
470  mistranglation) (Fan et a. 2015), (2) norleucine (an analog of leucine which substitutes for

471  the amino acid methionine in proteins (Karkhanis et al. 2007)) at concentrations ranging from
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472 0.28t0 2.25 ug/mL and (3) streptomycin sulphate at concentrations ranging from 0.625 to 5
473 pg/mL (streptomycin leads to errors in ribosomal decoding (Carter et a. 2000)). To impose
474  stress, we subjected single cells to starvation by supplying only saline instead of a growth
475  medium (i.e. no nutrients), or by stopping the flow of growth media, alowing entry into the
476  stationary phase of growth. At the population level, we let cultures grow till late stationary
477  phase when nutrients are depleted, which imposes stress on the cells (Koch 1971). Finaly,
478  we cultured cellsin LB at high temperature (42°C), imposing stress that reduces survival (van
479  Elsaset al. 2011). To check the impact of atransient increase in mistranslation on survival at
480 42°C, we exposed replicate cultures to different concentrations of canavanine, norleucine or
481  streptomycin for ~2 h until they reached ODggo ~0.6. We then pelleted and re-suspended cells
482  and cultured them for 2 h at 42°C before carrying out dilution plating to assess survival. Each
483  treatment had triplicates before and after exposure to 42°C, i.e. atotal of 6 cultures. Given
484  three concentrations and three mistranslating agents, this led to 18*3= 54 agar plates, which
485  were done in staggered sets of 18 each. Handling more than 18 at a time led to significant
486  timevariation in the steps of cell pelleting and exposure to 42°C, adding to the variability that
487  we were attempting to capture. As a result, at any given time, we were limited to three
488 treatments for a given mistranslating agent. In addition, we could not compare across
489  multiple blocks of the same experiment because of the high across-experiment variability in
490  growth and colony numbers.

491

492  Single cell microfluidics measur ements

493 To measure variability in growth characteristics at the single cell level, we used a
494  microfluidic device seeded with GFP-labelled E. coli strains (described above). The * mother
495  machine microfluidic device was fabricated as previously described (Wang et a. 2010).
496  Saturated overnight cultures of WT, Mutant, WT(HA) and Mutant(HA) were sub-cultured to
497 1% by volume into LB and incubated at 37°C for 3 h. To concentrate cells ~20 fold, we
498  centrifuged the cultures (5 min, 3000g) and re-suspended cellsin 200 uL LB. We injected the
499  cell suspension into the microfluidic device using a syringe, and allowed the cells to diffuse
500 into the growth channels (~ 2 h; see schematic in Fig. 4a). Then, the device was placed in a
501  temperature-controlled stage-top incubator (OKOlab), which in turn was placed on an
502 inverted microscope (Olympus IX81). To allow cell growth in the device, we pumped LB
503 from a 15 mL centrifuge tube (Greiner) held at constant temperature in a dry block heater
504 (IKA). We allowed cells to grow in the device for 2.5 h at a media flow rate between 600 —
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505 800 pL/h, and then began imaging cells to measure growth characteristics. When necessary,
506  stationary phase growth was simulated by stopping media inflow after 190 min of image
507  acquisition, and then allowing cells ~3 h (~6 doublings) to enter stationary phase before
508 readings were taken. We used a coolLED lamp (excitation: 490 nm) for fluorophore
509  excitation, and captured bright field and fluorescence images at intervals of 2 min for 10 h at
510 40X magnification using an EMCCD camera (Photometrics Prime). We imaged ~160
511  channels at constant flow and temperature and carried out preliminary image editing using
512  ImageJ and used a custom MATLAB code (MathWorks) to extract information on cell length
513 and division time. We cut individual channels in ImageJ and used a custom MATLAB code
514  (MathWorks) to binarize the images and assign an identity to each cell. Based on changesin
515  fluorescence intensity in the cell body, the code identified a cell division. We measured cell
516 length at every frame to calculate cell length at birth and division, and the corresponding time
517 for each event. When counting live and dead cells under stress, an instantaneous loss of

518 fluorescence signal was used as an indicator of cell death.

519

520 Measuring population growth and yield

521  To measure variability in growth across populations, we used 40 independent colonies of
522  each E. coli strain as biological replicates. We inoculated coloniesin LB and allowed them to
523  grow overnight at 37°C with shaking at 200 rpm for 16 hours. We then added 5 uL of the
524  overnight culture into 495 pL of the relevant growth medium in 48 well microplates
525  (Corning-Costar), and incubated them in a shaking tower (Liconic) a 37°C. We measured
526  optical density (OD) of each well at 600 nm using an automated growth measurement system
527  (F100-Pro, which includes a microplate reader from Tecan, Austria), every 30 or 40 minutes
528 for 12 to 18 hours. The automated system allowed us to simultaneously measure growth rates
529  inup to 10 microplates. We estimated maximum growth rate using the Curve Fitter software
530 (Delaney et a, 2013) and maximum OD value (ODnx, as a proxy for growth yield) by
531  averaging the five highest OD values.

532

533  Measuring cell survival

534  We measured cell survival in liquid culture by plating serial dilutions of the culture on agar
535 medium and counting colonies (which represent viable cells from the original culture).
536  Briefly, we set up 20 replicate cultures of a strain (each inoculated from an individual colony)

537 and allowed cultures to grow to saturation overnight in rich media (LB) or under stress, as
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538  required. We then sub-cultured cells 1% by volume and set up the experiment. At appropriate
539 time intervals, we serially diluted the culture until we obtained sufficiently dilute cultures
540  such that the final dilution plated on LB agar would give rise to ~ 20 to 200 distinct colonies
541  (which can be counted reliably). We used 55 pL of this focal culture, diluted it in 495 pL of
542  normal saline (to generate a 1:10 dilution), and vortexed the mix thoroughly. We continued
543  diluting serially until we obtained sufficiently dilute cultures such that 100 pLpL of the
544  culture plated on LB agar would give rise to ~ 20 to 200 distinct colonies (which can be
545  counted reliably). We incubated plates for 24 hours, counted colonies and multiplied by the
546  appropriate dilution factor to determine viable counts in the original culture.

547

548  Measuring competitive fitness

549  To test the relative fitness of WT and mutant strains under competition, we first had to
550 establish away to distinguish the two strains. To do so, we generated KL 4 lacZ (WT lacking
551  thelacZ gene). This strain forms white colonies on MacConkey’ s agar, while the other strains
552  under study — Mutant, WT(HA) and Mutant(HA) — form pink colonies because they carry an
553 intact lacZ gene. We grew the two strains being competed to saturation (overnight) and then
554  mixed them (1% each by volume) into 5 mL of growth medium. We then subjected the mix
555  to periodic dilution plating onto MacConkey’s agar, and determined the relative numbers of
556  each strain over time. We confirmed that the lacZ deletion is selectively neutral, by
557  competing it against the unmarked parent WT strain (Fig. S1).

558

559  Quantifying variability

560  As described above, we collected data on the size, length, and division time of single cells;
561 and parameters such as growth rate, growth yield (ODma) and lag time for replicate
562  populations of each strain or experimental treatment. In most cases, the data were not
563  distributed normally (Shapiro Wilke test for normality). Therefore, we could not use standard
564  quantifications of variability such as the variance or coefficient of variation (CV=standard
565  deviation/mean). To assess differences in variability across groups, we employed a non-
566  parametric statistical test- Fligner-Killeen test- that is robust to departures from normality
567  (Fligner and Killeen 1976; Conover et al. 1981) . This test ranks all data around the median
568  value, measures the values of the residuals for each data point, and calculates the test statistic

569 by ranking the residual values. All comparisons are tabulated in Table S1. As appropriate, we
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visualized variability using the frequency distribution of each measured variable, or the inter

quartile range of the data.
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711 FIGURE LEGENDS

712

713 Figure 1. Possible impacts of individual or cell-to-cell heterogeneity on individuals and
714  populations. (a) Cell to cell heterogeneity (indicated by cell colour) causes variation in
715 individual fitness parameters such as the rate of cell division. (b) Populations that have a
716  large amount of cell to cell heterogeneity may grow more slowly, because of the phenotypic
717  load generated by slower-dividing cells. (c) Cell to cell heterogeneity can impact between-
718  population variance due to stochastic effects or diverse cell to cell interactions. As a result,
719  replicate populations with highindividual-level heterogeneity may show more variable

720  growth rates (spread around the mean value) than replicate homogeneous populations.

721 Figure 2. Mistrandation increases cell-to-cell variability in growth and division time:
722 We injected ~10° cells of the indicated strains into a microfluidic device designed for single
723 cell tracking, and monitored cell growth and cell length under the microscope. (a) Schematic
724  of the microfluidics device showing GFP tagged E. coli single cells growing and dividing in
725  channels within the device (b) — (e) Frequency distributions of cell length and division time
726  of single cells as monitored in the microfluidics device. For (b) and (d), the center of each bin
727  (class interval) is 5 units; for (c) and (e) 0.5 units; and each such point is connected to the
728  next one. Wider distributions indicate greater cell-to-cell variation. Total number of cells (n)

729  isindicated within parentheses in the key. WT=wild type; HA=hyper-accurate.

730 Figure 3. Mistranslation does not impact variability in growth parameters across
731 replicate populations: Violin plots showing the distribution of three population growth
732  parameters, estimated using ~40 (37 to 44) biological replicates (populations) for each strain
733 or growth condition. (a—b) Growth rate (c—d) growth yield and (e-f) lag time (time until
734  culture reaches ODgy ~0.02). Median, 25" and 75™ quartiles are indicated by solid lines
735  within each violin. The length of each violin corresponds to the range of the distribution.

736  Asterisksindicate significant differences in variability. WT=wild type; HA=hyper-accurate.

737  Figure 4. Mistrangation increases survival under stress: (a) Frequency distributions of
738  division time of single cells of different strains monitored in the microfluidics device at 42°C.
739  The center of each bin (class interval) is 5 units, and each such point is connected to the next
740 one by a line. WT=wild type; HA=hyper-accurate. (b) Total viable counts (estimated by
741  dilution plating) in WT and Mutant cultures (n=9) grown for 48 h (late stationary phase) at
742  37°C or 42°C. Numbers indicate median viable count in each case. (c—d) Distribution of
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743  division time and cell length of single WT cells that subsequently either survived (live cells,
744  n=86) or died (dead cells, n=31) after being starved of nutrients for ~10 h, in saline. Overal,
745  WT cellshad a higher fraction of dead cells than the Mutant (see Results).

746  Figure 5. Mistranslation is costly under optimal conditions but beneficial under stress:
747  (ab) Cell survival as a function of time, during pairwise competition in the log phase of
748  growth at 37°C. We mixed log phase cultures (ODgy~0.6) of two strains (as indicated) in LB,
749 and plated aliquots on MacConkey's agar to estimate survival of each strain. Data for a
750  representative set for each case are shown here; other sets are shown in Fig. S6 (c) Cell
751  survival as afunction of time, during pairwise competition in the stationary phase of growth
752 at 37°C. We allowed WT and Mutant cultures to grow independently for 48 h in LB medium
753  and then mixed them to assess competition in late stationary phase. Data for a representative
754  set for each case are shown here; other sets are shown in Fig. S6 (d) Cell surviva as a

755  function of time, during pairwise competition in the log phase of growth at 42°C.

756  Figure 6. Variability in growth parameters across populations is not correlated with
757 degree of mistransation: (a—c) Median values for population growth rate, growth yield
758  (ODmaxsoo) and lag time (time until culture reaches ODgy ~0.02) as estimated from raw
759  growth curves for WT populations treated with four concentrations of canavanine, norleucine
760  or streptomycin (n=~40, 37 to 44 per treatment). Untreated WT is indicated as zero
761  concentration in all treatments. (d—f) Variability in population growth parameters across
762 biological replicates (n=~40), estimated using the difference between the 75" and 25"
763  percentile values for each parameter. Untreated WT is indicated as zero concentration in all
764  treatments. Linear regression for variability in growth rate as a function of canavanine,
765  norleucine or streptomycin concentration: R?=0.5, 0.3 and 0.3; for OD e R*=0.8, 0.28 and
766  0.48; for lag time: R?= 0.02, 0 and 0.6 respectively.

767  Figure7. A brief burst of mistrandation enhances survival under optimal conditions a)
768  Effect of treatment with different concentrations of canavanine, norleucine or streptomycin
769  on viable cell counts a 37°C (n=10 per concentration). We treated log phase cultures
770  (ODgw~0.6) of each strain indicated with three concentrations of each mistranslating agent as
771 indicated, for 2 h. Cells were then spun down, washed and dilution plated followed by
772 incubation at 37°C for 24 h. (b) Effect of a brief exposure to different concentrations of
773  canavanine, norleucine or streptomycin on cell survival at 42°C (n=3 per concentration). We

774  treated cells as above; then spun down, washed, and incubated them at 42°C for a further 2
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hours in fresh medium. To calculate fold change in survival due to high temperature, we
dilution plated and incubated cells at 37°C for 24 h. Horizontal bars indicate median valuesin

both panels. Asterisks indicate significant differences in the median values.

Figure 8. Summary for theimpact of mistranslation-induced variability on fithess
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Figure 8
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