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Abstract

Chemotaxis allows bacteria to follow chemical gradients by comparing their environment over time and
adjusting their swimming behavior accordingly. The chemotaxis signaling pathway is highly conserved
among all chemotactic bacteria. The system comprises two modules: one for environmental sensing and
signal transduction toward the flagellar motor, and the other for adapting to the constant level of
background stimulation and providing short-term memory for temporal comparisons. Previous
experimental analysis and mathematical modeling have suggested that all components of the
paradigmatic chemotaxis pathways in Escherichia coli are essential. This indicates that it may contain
a minimal set of protein components necessary to mediate gradient sensing and behavioral response. To
test this assumption, here we subjected strains carrying deletions in chemotaxis genes to experimental
laboratory evolution. We observed that the core components of the chemotaxis pathway are indeed
essential. However, the absence of individual auxiliary pathway proteins, including the adaptation
enzymes that are conserved in a vast majority of bacteria, and the phosphatase, could be compensated
for to varying degrees by changes in other pathway components. Our results suggest that the
experimental evolution of these deletion strains has led to the emergence of alternative strategies for

bacterial chemotaxis, demonstrating the surprisingly rapid evolvability of this signaling network.
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Introduction

Most motile bacteria can follow gradients of nutrients and other stimuli in their environment through
chemotaxis. This process is crucial for bacterial physiology, including growth optimization, collective
behaviors, and interactions with eukaryotic hosts (1, 2). The central part of the signaling pathway
responsible for bacterial chemotaxis is highly conserved among prokaryotes (3, 4). Escherichia coli has
one of the simplest chemotaxis pathways, consisting almost exclusively of highly conserved proteins,
and it is one of the most studied quantitative models for signal transduction in biology (5). The
mechanism of bacterial chemotaxis relies on temporal comparisons of swimming bacteria, where based
on the perceived changes in environmental conditions, the chemotaxis signaling system determines
whether the bacterium should continue running in its current direction or reorient itself (6). This strategy
is thought to require two modules: one for rapid environmental sensing and signal transduction, and
another for slower adaptation that enables short-termed temporal comparisons of environmental

conditions (5, 7).

The environmental sensory module (Figure 1A) comprises transmembrane receptors, also known as
methyl-accepting chemotaxis proteins, that control the autophosphorylation activity of the receptor-
associated kinase CheA with the assistance of the scaffolding protein CheW (8). Out of five E. coli
chemoreceptors, at least one of the two major transmembrane chemoreceptors, Tar or Tsr, is required
for the proper formation of sensory complexes and regulation of CheA. The sensory module’s output is
transmitted to the flagellar motor through the CheA-dependent phosphorylation of the response
regulator CheY. In E. coli, the phosphorylation of CheY and its binding to flagellar motors increase
when the bacterium travels in an unfavorable direction. This induces a switch in the motor rotation from
the default counterclockwise (CCW) to clockwise (CW) direction, resulting in the flagellar bundle
falling apart and the bacterium tumbling and reorientating. When swimming in a favorable direction,
such as traveling up the gradient of attractant, the binding of attractant to receptors inhibits CheA
autophosphorylation, which reduces CheY phosphorylation and, in turn, favors CCW rotation and
smooth swimming. This core of the sensory and signaling module is conserved in all bacterial
chemotaxis systems and is evolutionary related to the broader class of bacterial two-component
pathways (9). In addition, the chemotaxis signaling module of E. coli and closely related proteobacteria
includes the phosphatase CheZ that is responsible for the rapid dephosphorylation of CheY, whereas

other chemotaxis systems contain alternative phosphatases.

The adaptation module comprises two enzymes, the methyltransferase CheR and the methylesterase
CheB, which respectively methylate or demethylate four specific glutamates on chemoreceptors.
Unmethylated glutamates promote a low activity state, whereas methylated glutamates promote a high
activity state of chemoreceptors. The receptors are first expressed in the intermediate activity state, with

two of the four methylation sites being encoded as glutamines, which funciton similarly to methylated
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66  glutamates and are deamidated by CheB to glutamates. This adaptation module is unique among
67  bacterial two-component signaling pathways but it is nearly universally present in chemotaxis systems,
68  with the notable exception of gastric species of Helicobacter (10). Enzymatic activity of the methylation
69  enzymes depends on the receptor activity state, and the resulting negative feedback ensures that the
70  steady-state activity of the pathway can adapt to intermediate level even in the presence of persistent
71  stimulation. Additionally, changes in methylation occur with a delay following receptor stimulation,
72 creating a short-term memory that swimming bacteria use for temporal comparisons of environmental
73  conditions. Both functions of the adaptation module are assumed to be essential for efficient bacterial

74 chemotaxis.

75  Efficient chemotaxis in E. coli requires all cytoplasmic chemotaxis proteins and at least one major
76  chemoreceptor (11). One reason for that is the extreme tumbling bias observed in cells lacking these
77 either of these proteins. Strains with deletions in cheW, cheA, cheY, or all receptor genes do not
78  phosphorylate CheY, resulting in continuous running without reorientations. Conversely, cheZ-deficient
79  cells have an excess of phosphorylated CheY (CheY-P) and tumble most of the time. Deletions in cheR
80  or cheB genes result in very low or high levels of pathway activity, and thus of tumbling bias, and
81  disabling adaptation and temporal comparisons by the chemotactic cells. As a result, these mutants are
82  unable to efficiently navigate chemical gradients in liquid (12). They also have a deficiency in spreading
83  on soft agar plates (13), which is a commonly used assay for motility and chemotaxis that relies on the
84  spreading of motile bacteria through agar pores following self-generated gradients of consumed

85  chemoattractant nutrients (14).

86  Although cheR and cheB mutants appear to be unable to perform chemotaxis, early studies indicated
87  that E. coli strains lacking both CheR and CheB activities may exhibit some degree of tactic behavior
88 (13, 15). This was further supported by the emergence of spontaneous (pseudo)revertants of the cheR
89  deletion strain that could spread on soft-agar plates, with compensatory mutations mapping to either
90 cheB (16) or tsr (17) genes. However, the compensatory mechanisms underlying this phenomenon
91 remained unclear (17), and a subsequent study concluded that the cheR cheB mutants or the cheR
92  revertants may rather spread in soft agar in a chemotaxis-independent fashion due to their intermediate
93  tumbling bias, which enables slow and non-directional movement through the agar pores (14). Such
94  pseudotactic mutants, which carry mutations in genes encoding flagellar hook or motor proteins, have

95 also been isolated in chemotaxis-deficient strains of other bacteria (18).

96  To investigate whether all E. coli pathway proteins, including adaptation enzymes, are indeed essential
97  for chemotaxis, we experimentally evolved a set of E. coli deletion strains for chemotaxis-driven
98  spreading in soft agar over several hundred generations. Experimental evolution, also known as adaptive
99  laboratory evolution, is a powerful approach to investigate how individual proteins and gene regulatory
100  networks adapt under defined selection pressure (19, 20). Recently, it has been used to investigate the

101  evolvability of genetic regulation under selection for motility (21) and the underlying cost-benefit
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102  tradeoffs between motility and growth (22-24). Here we tested the capability of compensating the
103  absence of individual proteins by evolutionary remodeling the chemotaxis pathway. Our results
104  demonstrate that the absence of auxiliary chemotaxis proteins could be reproducibly compensated by
105  short-term adaptive evolution, albeit to varying extents, while core signaling functions remain essential.
106  Importantly, the evolved cheR strain not only regained the ability to spread in soft agar but also
107  demonstrated biased drift in chemical gradients in liquid, indicating its capability for true chemotaxis.
108  This suggests that not only individual enzymatic activities and gene regulation, but also complex
109  signaling pathways in bacteria are highly evolvable, allowing for the emergence of novel simplified

110  chemotaxis strategies that bypass the lack of normally essential individual components.

111
112

113 Results
114
115  Experimental evolution can compensate for defects caused by the deletions of several chemotaxis

116  genes

117  Experimental evolution of E. co/i mutant strains was performed under selection for increased spreading
118  on tryptone broth soft-agar (TBSA) plates for 30 cycles of up to 16 hours each (Figure S1A), and with
119  up to four independently evolved lines. We observed that the spreading of the evolved AcheR, AcheB,
120  and AcheZ strains, which lack either the individual adaptation enzymes or the phosphatase (Figure 1A),
121 largely improved compared to that of the original deletion strains (Figure 1B,C). In contrast, the absence
122 of core components of the chemotaxis pathway, including CheA, CheY, CheW, or all chemotaxis
123 receptors, could not be compensated for by short-term evolution (Figure 1D and Figure S1B).
124  Furthermore, no improvement in the spreading of a double A(cheR cheB) deletion strain under selection
125  was observed (Figure 1E). However, the spreading of this deletion strain was slightly better than that of
126  the individual cheR or cheB deletion strains, which is consistent with the previous report (14). As the
127  evolved AcheR strain showed the largest enhancement of spreading, we evolved four additional AcheR

128  lines, all of which showed a similar enhancement in spreading (Figure S2).
129
130  Evolved strains exhibit compensatory changes in motility

131  We next investigated changes in the motility phenotypes of the evolved E. coli strains, by tracking cell
132 swimming in liquid. Consistent with previous finding on the importance of intermediate tumbling
133 frequency for spreading in soft agar (14), the evolved strains exhibited compensation for the defects in
134  tumbling that were present in the original deletion strains, so that the fraction of time that cells spent
135  tumbling became more similar to the wildtype (Figure 2A). All four evolved AcheR lines became more

136  tumbly than the original (R0) AcheR strain, whereas all four evolved AcheZ and two AcheB lines became
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137  less tumbly. This modulation of tumble bias by experimental evolution correlated well with increased

138  spreading in TBSA (Figure 2B), suggesting that the wildtype tumble bias is optimal for spreading.

139  Furthermore, nearly all of the evolved strains exhibited a higher swimming velocity than the wildtype
140  strain (Figure 2C). This increase in velocity was previously observed during the evolution of wildtype
141  cells for spreading in TBSA, as a consequence of the elevated expression of the flagellin gene f/iC and
142 other flagellar genes (22). Therefore, we measured the activity of the transcriptional fliC promoter
143 (PfliC) reporter, which reflects the expression of flagellar genes (22). The activity of this reporter was
144  significantly higher in most of the evolved strains (Figure 2D), confirming that their increased

145  swimming velocity is likely due to changes in flagellar gene expression.
146
147  Specific compensatory mutations are observed in evolved strains

148  Whole genome sequencing revealed multiple mutations in the evolved AcheR (Table S1), AcheB (Table
149  S2) and AcheZ (Table S3) lines. These mutations exhibited clear gene-deletion specific patterns and
150  primarily affected chemotaxis or motility genes. The most prominent set of mutations in the evolved
151  AcheR lines mapped to the s gene that encodes the serine-specific major chemoreceptor (Figure 3A
152 and Table S1). Mutations in zs7 were observed in seven out of eight lines. One line (R7) carried instead
153  a mutation in the far gene, which encodes the aspartate-specific receptor, and one line (R3) carried
154  mutations in both tsr and tar (Figure 3B). The corresponding amino acid substitutions mapped to
155  different receptor domains, including the ligand-binding domain, transmembrane helix, HAMP domain,
156  methylation region, and in the signaling domain, similar to the previous report (17). These mutations
157  may promote the active state of receptors, contributing to the suppression of the low-activity cheR
158  phenotype. Indeed, M249 and L263 were previously shown to be critical for the helical packing of the
159  HAMP bundle and for signal transduction (25), and T305 is located adjacent to the methylation site
160  (26). Mutations in zs» may have been preferentially selected over those in far because the first gradient
161  followed by chemotactic cells on TBSA plates is that of the Tsr ligand serine (27), or because cells have

162  higher levels of Tsr compared to Tar under our growth conditions.

163  Most of the evolved AcheR lines also had mutations in the cheB gene (Figure 3C and Table S2). CheB
164  consists of a regulatory CheY-like receiver domain, which is phosphorylated by CheA, and the
165  enzymatic methylesterase domain (28). Mutations were found in both domains, with an apparent
166  clustering near the catalytic pocket, the phosphorylation pocket, and the regulatory interface (29). These
167  mutations may lower the methylesterase activity of CheB, as previously suggested (16), which could
168  potentially compensate for the absence of methyltransferase activity. Nevertheless, no amber or frame-
169  shift mutations were detected, indicating that some level of CheB activity is necessary for the restored

170  spreading of the evolved AcheR lines.
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171  Finally, two of the AcheR lines had mutations in cheZ (Figure 3D). Q204L affects the C-terminal CheY -
172 binding peptide (30) and Q64L is close to the catalytic site of CheZ (31). Substitutions at both sites were
173  reported to lower the phosphatase activity of CheZ (32), suggesting that they can partly offset the low

174  kinase activity in the AcheR strain and thus increase the tumbling bias in the evolved lines.

175  Mutations in different domains of the receptor genes tsr, far and tap were also found in all AcheB lines
176  (Figure 3A,B and Table S2). Additionally, amino acid substitution were introduced in the dimerization
177  domain of CheA and a short ALGD amino acid sequence was inserted in CheW (Figure 3E and Table
178  S2). These mutations may affect the activity or stability of the ternary receptor-CheA-CheW complex,
179  which could offset the hyperactive receptor phenotype caused by the AcheB deletion.

180  The evolved AcheZ lines compensated the hyperactive pathway phenotype, too, but acquired a different
181  set of mutations (Table S3). In all lines, Tar translation was interrupted either by a stop codon mutation
182  within the ligand-binding domain or by a frameshift in the transmembrane helix of the receptor (Figure
183  3B). Interestingly, each of these mutations was apparently acquired independently by two of the
184  evolution lines. All AcheZ lines also had mutations in cheA, either in the P1 (phosphorylation site)
185  domain or in the P4 (ATP binding kinase) catalytic domain (Figure 3E).

186  In addition to these mutations in the chemotaxis genes, almost all AckeR lines and one AcheB line had
187  mutations in the genes that encode the export apparatus (f/i/) and the basal body (fliF, fliM, fliN and
188  fliG) of the flagellar motor (Table S1 and Table S2). Mutations in these genes have previously been
189  shown to upregulate the expression of flagellar genes by enhancing secretion of the negative regulator
190  (anti-sigma factor) FIgM (22). This may be consistent with the elevated fliC reporter activity in the
191  evolved lines (Figure 2D). However, FliM, FliN and FliG have a dual role both in the function of flagella
192  export apparatus and in the control of flagellar motor rotation, and could thus also directly affect cell
193  tumbling. Evolved lines without mutations in the export apparatus or or the basal body gene also showed
194  increased flagellar gene expression, possibly due to mutations or insertions in other genes such as c/pX,
195  sspA or rpoD, which are known to affect the expression of the flagellar regulon (22, 33) (Table S1, Table
196  S2 and Table S3). Other observed mutations in afp genes encoding the PMF-dependent ATP synthase

197  may increase motility by elevating the proton motive force.

198  We further investigated the order in which emergent mutations could be detected over the course of
199  evolution for several AcheR lines (Figure S3). We observed that in all cases, the mutations in #sr were

200  selected first, followed by mutations in other chemotaxis and/or flagellar genes.

201  We selected one of the best-spreading lines, R1, to evaluate the phenotypic impacts of individual
202  mutations and their potential epistatic interactions. R1 carries mutations in the chemotaxis genes s,
203 cheB and cheZ (Figure 3A,C,D), and a mutation in the flagellar export gene f7i/l. When these mutations
204  were introduced individually into the AcheR strain, mutations in tsr or cheB significantly increased

205  spreading on TBSA plates (Figure 3F). This result is consistent with these two genes being most
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206  commonly affected in the evolved AcheR lines. Spreading was further increased by combinations of
207  multiple chemotaxis and f7il mutations. Interestingly, the observed order of selection for individual
208  mutations during evolution of the R1 line (Figure S3A) is apparently consistent with the path of largest
209  stepwise increase in spreading due to addition of each subsequent mutation, from fsr to tsr cheZ to tsr
210  cheZ flil to tsr cheB cheZ flil. This spreading of the latter AcheR strain carrying four mutations in TBSA
211 largely recapitulated that of the R1 line, with the residual difference being likely explained by an
212 additional mutation in sspA gene present in this evolved strain, which was previously shown to increase

213 flagellar gene expression (22).

214  We also investigated the effects of R1-specific mutations on the chemotactic spreading when introduced
215  individually in the wildtype cells (Figure S3E). The introduction of f7il mutation, which is expected to
216  increase expression of flagellar genes, led to enhanced spreading, consistent with the previous report
217 (22). All other mutations in the wildtype background resulted in no or only modest changes in spreading,
218  suggesting that all of the mutated genes remain well functional, including cheB and cheZ genes where

219  mutations are expected to reduce the enzymatic activities of respective gene products.

220  In order to further directly test whether the function of CheB was required for the spreading of the R1
221  line, we introduced the cheB deletion in the evolved strain. Indeed, the R1 strain lacking cheB showed
222 even less spreading in soft agar than the AcheR strain (Figure 3F), confirming our assumption that at

223 least residual activity of CheB is necessary for the re-evolved spreading of AcheR strains.

224  Gradual increase in spreading was also observed when individual cheB and tsr mutations from R4 and
225 RS lines were introduced individually into the AcheR strain (Figure S3F). Similar to the R1-specific
226  mutations, the effect of #s7 mutations on spreading was stronger than that of cheB mutations, consistent
227  with the tsr mutations being first to emerge in the populations of all tested evolved AcheR lines (Figure

228  S3A-D).
229
230  Evolved strains exhibit directional spreading in chemical gradients

231  Although previous studies concluded that spreading on TBSA plates does not necessarily require
232 chemotaxis but only an intermediate cell tumbling frequency, such pseudotaxis is significantly slower
233 than the chemotaxis-driven spreading (14, 34, 35). Given that the spreading of some of the evolved
234  strains, in particular several AcheR lines, was highly efficient, even showing a clear ring at the edge of
235  the spreading colony that is normally characteristic of chemotactic behavior (34, 35), we next
236  investigated whether these strains might have regained the ability to perform chemotaxis. For that, we
237  first used the M9 minimal medium soft agar (M9SA) gradient plates, containing glycerol as a carbon
238  source, where the gradient was pre-established by diffusion after applying chemoeffector along the

239  center line of the square plate (36, 37). On M9SA plates with the gradient of serine, the Tsr-specific
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240  attractant that is followed by the outer spreading ring in TBSA plates (27). Three out of four tested
241  evolved AcheR lines showed biased spreading up the gradient similar to that of the wildtype strain
242 (Figure S4A). This bias was confirmed by quantifying the ratio between the spreading distance toward
243 the source and the distance away from the source (Figure S4D). Two out of four AcheZ lines also showed
244  biased spreading up the gradient of serine, although less efficiently than that of the Ac/eR lines (Figure
245  S4C and S4D). Other AcheR and AcheZ lines, as well as all AcheB lines (Figure S4B and S4D) showed
246 little spreading or growth on M9SA plates, so their bias could not be determined.

247  Although the observed biased spreading up the serine gradient is indicative of chemotaxis, its
248  interpretation is complicated by the fact that serine is metabolized, which could introduce growth bias
249  on these gradient plates. We thus tested spreading of several AcheR lines using M9SA plates with a
250  gradient of a-methyl-D, L-aspartate (MeAsp), a non-metabolizable analogue of aspartate. Indeed, a
251  reproducible biased movement up the gradient of MeAsp could be observed for the R1, R4, and RS
252  lines, but not for RO or the R3 line (Figure 4A and 4B). Notably, the R3 line carries an amino acid
253  substitution (A166P) in the ligand binding domain of Tar (Figure 3B and Table S1), which might render
254 it unable to sense MeAsp. Similarly, all AcheZ lines possess only a truncated version of Tar (Figure 3B

255  and Table S3), and therefore could not be tested on MeAsp gradient plates.

256  To additionally confirm the ability of evolved strains to perform chemotaxis, we used a previously
257  described microfluidic assay where an attractant gradient is generated in the liquid medium within the
258  test channel (36-38) (Figure 4C). Consistent with these previous reports, chemotaxis was essential for
259  efficient cell accumulation toward the source of MeAsp in this assay, since the wildtype strain
260  accumulated rapidly whereas nearly no accumulation was observed for the fully motile but non-
261  chemotactic AcheR (RO) strain (Figures 4D and Figure S5). In contrast, the tested evolved AckeR lines
262  exhibited an intermediate but clear accumulation, suggesting that they can bias their swimming in a
263  gradient of non-metabolizable attractant established in the liquid, albeit not as efficiently as the wildtype
264  cells.

265
266 Mechanism of the re-evolved chemotactic drift

267  In order to gain insight into the origin of this evolved chemotactic-like behavior, we analyzed the
268  movement of individual swimming cells of the R1 line, as well as of the RO cells, in a chemotactic
269  chamber with or without a linear gradient of MeAsp (Figure 5A). In these experiments, tracks of motile
270  cells of both strains showed no biased motion in the absence of a gradient (Figure 5B, C), as expected,
271  and RO cells also showed no bias in the gradients of MeAsp, established using either 100 pM or 1 mM
272 at the source (Figure 5B). In contrast, cells of the R1 line showed a clearly pronounced chemotactic

273 drift, particularly at the 1 mM gradient (Figure 5D).
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274  We further analyzed individual cell tracks for these strains (Figure SE and Figure S6). In the absence of
275  agradient (-), both strains expectedly showed a similar distribution of their runs in both directions along
276  the channel. The average run duration of the smooth-swimming AckeR cells was higher compared to the
277  R1 cells, consistent with higher tumbling frequency of the R1 line (Figure 2A). In the presence of an
278  attractant gradient, runs of the RO cells became slightly longer on average, indicating a residual response
279  of this strain to the presence of attractant. However, there was no difference between runs up and down
280  the gradient, confirming that this strain is non-chemotactic. In contrast, runs of the R1 cells became
281  strongly elongated both up and down the gradient of attractant, but showed a significantly stronger
282  clongation up the gradient. This bias in the run length distribution is apparently sufficient to mediate the

283  chemotactic drift in a gradient, even in the absence of the short-term adaptation.

284  Finally, we tested the pathway response of the evolved AceR lines, using a previously described assay
285  based on Forster (fluorescence) resonance energy transfer (FRET). This assay monitors the
286  phosphorylation-dependent interaction between CheY fused to a yellow fluorescent protein (CheY-
287  YFP) and its phosphatase CheZ fused to a cyan fluorescent protein (CheZ-CFP), as a readout of the
288  pathway activity (39, 40). FRET measurements confirmed that the basal activity of the pathway
289  increased in both lines tested, R1 and R4, compared to RO, allowing them to respond to MeAsp
290  stimulation (Figure S7A). The sensitivity of the response was only moderately reduced compared to
291  wildtype cells (Figure S7B,C). These evolved lines did not show any pronounced adaptation of pathway
292  activity to sustained attractant stimulation, in contrast to wildtype cells, in which the recovery of
293  pathway activity was very pronounced and followed by a characteristic overshoot upon the removal of
294  attractant. Thus, despite their apparent ability to perform chemotactic-like navigation in a gradient, the
295  evolved AcheR lines did not regain the ability to adapt to varying background stimulations on the
296  timescale of our experiment. This inability of the R1 line to adapt to sustained stimulation was further
297  confirmed by cell tracking in the presence of a uniform concentration of 500 uM MeAsp in the

298  observation channel (Figure S6A).

299

300

301  Discussion

302

303  Experimental evolution under defined laboratory selection has been used to provide important insights
304 into the evolvability of individual proteins, simple traits, and regulatory networks in microorganisms
305  (41-45), including the control of motility gene expression in bacteria (21-24). Here, we investigated the
306  ability of experimental evolution to restore the function of the signaling network that controls bacterial
307 chemotactic behavior in the absence of one of the essential components of the pathway. The E. coli
308  chemotaxis pathway is one of the best understood signaling systems in biology, and all of its components

309 are normally considered essential for its ability to mediate bacterial navigation in environmental
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310  gradients (1, 5, 11). This is consistent with the high conservation of all . coli chemotaxis proteins across
311  bacterial and archaeal phyla (46), with the sole exception of the phosphatase CheZ. However, the
312 phosphatase activity itself is thought to be essential for the functionality of the pathway, as other bacteria

313 possess alternative proteins that perform this function (9).

314  Partially consistent with this expected essentiality, we observed that the absence of the core signaling
315  components, including CheA, CheY, CheW and chemoreceptors (MCPs), could not be restored by
316  experimental evolution. Notably, CheA and CheY are likely to be the evolutionary oldest members of
317  the pathway, directly related to the bacterial two-component systems (9). In contrast, cells deficient in
318  auxiliary components, including the less conserved CheZ, but also the highly conserved but chemotaxis-
319  specific adaptation enzymes CheR and CheB, recovered their ability to spread in soft agar, the assay

320 typically used to assess the chemotactic ability of bacteria, albeit to varying degrees.

321 At the phenotypic level, an important but auxiliary factor for the improvement of spreading in soft agar
322  was an increase in cell swimming velocity. A similar increase was already observed during the evolution
323  of enhanced chemotaxis in wildtype cells with intact chemotaxis pathway (22). Consistent with this
324  previous study, the increase in swimming could be explained by the upregulation of flagellar genes,
325  either due to mutations in genes encoding components of the flagellar export apparatus or in regulatory
326  genes controlling motility. However, introduction of the f7i/ mutation into the R1 line suggests that this

327  increase in swimming alone cannot compensate for the defect in chemotaxis.

328  The more important phenotypic change was the restoration of tumbling behavior, with the optimal
329  tumbling bias apparently close to that of the wildtype. This phenotypic adaptation could be attributed to
330 the importance of intermediate tumbling frequencies for cells spreading in mesh-like soft agar pores,
331 and such restoration was previously suggested to be sufficient to explain the spreading of AcheR
332 revertant strains (14). At the molecular level, these changes in tumbling frequency could be explained
333 by compensatory mutations in other chemotaxis genes that tune the activity of the pathway to an
334  intermediate level. However, the observed mutations were clearly specific for restoring a particular
335  deletion defect, strongly suggesting that their importance goes beyond simple modulation of pathway
336  activity. For example, the tumbling phenotypes of AcheZ and AcheB mutants were compensated by
337  different sets of mutations, and while the absence of cheR was commonly compensated by mutations in
338 its counterpart cheB, the opposite was not true and no mutations in cheR could be observed in the

339 evolved AcheB strain.

340  All this suggests that the observed evolutionary rewiring of the chemotaxis pathway does more than the
341  simple restoration of the intermediate tumbling phenotype, but rather leads to a new strategy of
342  simplified chemotactic behavior with a smaller set of pathway components. Indeed, evolved strains
343  exhibited a clear bias in their behavior in chemoattractant gradients established in soft agar or in liquid.

344  When the nature of this biased movement was examined for one of the evolved strains carrying the cheR
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345  deletion, we found that the behavior of this evolved strain differed from both the original AcheR and the
346  wildtype strain. Whereas the wildtype strain showed strongly elongated runs up the attractant gradient,
347  as previously reported (6), and also moderately shortened runs down the gradient, cells of both the
348  original and the evolved Ac/eR strain extended their runs in both directions. This is consistent with the
349  inability of these strains to rapidly adapt to the rapid changes in attractant concentration, which was
350 confirmed for the evolved AcheR strain. However, although such adaptation is normally considered
351  essential for chemotaxis, even in its absence the evolved AckeR strain showed greater elongation of runs
352 up than down the gradient. This difference was apparently sufficient to produce a chemotactic drift in
353  the gradient that was nearly half as efficient as that of wildtype cells. We further hypothesize that the
354  residual activity of CheB retained in these evolved AcheR strains is required to gradually adjust the
355  modification of their receptors, and thus the basal activity of the pathway, to the level of environmental
356  stimulation through the synthesis of half-modified receptors and their gradual deamidation. Thus, by
357  selectively modifying several chemotaxis proteins, the evolved E. coli strains developed a novel,
358  adaptation-independent strategy of chemotaxis.

359

360

361  Materials and Methods

362

363  Strains and plasmids. Escherichia coli strains listed in Table S4 were grown at 37°C in Luria broth
364 (LB) with 200 rpm shaking or on LB containing 1.5% (w/v) agar (LBA). For spreading ring
365  measurements, E. coli strains were grown at 30°C in Tryptone broth (TB) containing 0.27% (w/v) agar

366  (Tryptone Broth Soft Agar- TBSA).

367  Experimental evolution of the chemotaxis mutants. The chemotaxis mutants (AcheA, AcheB, AcheR,
368  AcheW, AcheY, AcheZ, and receptor-less strain) were evolved through 30 passages of sub-culturing in
369  TBSA plates. 2ul cells from the outer edge of the spread ring after overnight growth at 30°C (on the
370  TBSA plate) were inoculated onto a fresh TBSA plate. This process was repeated daily for 30 days,

371  with an additional sample taken for glycerol stocks.

372 Genome editing. The recipient strain containing pKD46 was transformed with pKD45 with linear DNA
373 of the targeted product using electroporation. Transformed cells were grown in LB + 0.2% Arabinose
374  for 4-5 hrs at 30°C. These cells were plated on Rhamnose plates for selection. Rhamnose-resistant

375  colonies were selected and sequenced to confirm.

376  Re-sequencing of bacterial genomes. The genomic DNAs of the evolved bacterial population were
377  isolated using the Qiagen DNeasy Blood and Tissue kit following the manufacturer's instructions.
378  Libraries were constructed using Nextera XT Index Kit (24 indexes, 96 samples) [llumina FC-131-1001.
379  Sequencing was done using the Illumina HiSeq Rapid Run (2 x 150 bp paired-end run). The genomes
380  were reassembled with the DNASTAR Seqman NGen 12 software and BRESEQ pipeline using the E.
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381  coli RP437 genome as the template. Genes containing point mutations were amplified using PCR. This
382  PCR fragment was subsequently cleaned and sent for Sanger Sequencing to Microsynth Seqlab
383 GmbH.

384  Gradient plate assay. Minimal A agar (0.25% agar, 10 mM KH>PO4+/K;HPO4, 8 mM (NH4)2SOs, 2
385  mM citrate, ] mM MgSOs, 0.1 mg mL™"' of thiamine-HCI, 1 mM glycerol, and 40 ug mL™" of a mixture
386  of threonine, methionine, leucine, and histidine) supplemented with antibiotics and inducers was used
387  for the agar plate assay. Chemical solutions (50mM serine and methyl aspartate) were applied to the
388  centerline of the plate and incubated at 4 °C for 12-16 h to generate a chemical gradient before cell
389  inoculation. Overnight cultures of different evolved strains were washed twice with tethering buffer
390 and applied to the plate at a distance of 1.5 cm from the line where the chemical was inoculated. Plates
391  were incubated at 30 °C for 2448 h. Spreading bias was quantified by measuring the spreading of the

392  bacterial population up or down the chemical gradient using ImagelJ analysis.

393  Microfluidics chemotaxis assay. Cells were harvested by centrifugation at 4000 rpm for 5 min and
394  washed twice with the tethering buffer. Methyl aspartate dissolved in the tethering buffer (SOmM) was
395 adjusted to pH 7.0. The responses of E. coli cells to concentration gradient were measured using a
396  microfluidic device. In summary, E. coli cells were added at the sink side pore of the device to a final
397  ODeoo of 1.2-2 and equilibrated for 20 min in the observation channel. Methyl Aspartate solution was
398  added at the source side pore and allowed to diffuse into the observation channel for an indicated time
399  toestablish a concentration gradient. Fluorescence microscopy on a Nikon Ti-E microscope system with
400 a 20x objective lens was used to detect the fluorescence intensity of cells in the observation channel.
401  The cellular response was characterized by the fluorescence intensity in the observation channel's
402  analysis region (300 um x 200 pm). Data were analyzed using Image] (Wayne Rasband, National
403  Institutes of Health, USA).

404  FRET assay. Bacterial cells were transformed with pVS88 plasmid for FRET assay experiment and
405  were grown in TB (1% tryptone, 0.5% NaCl) supplemented with antibiotics (100 ug mL™ of ampicillin;
406 17 pg mL™' of chloramphenicol) and appropriate inducers at 34 °C and 275 rpm. Cells were harvested
407 at ODgoo of 0.6 and washed twice with the tethering buffer (10 mM KH,PO4+/K,HPO4, 0.1 mM EDTA,
408 1 pM methionine, 10 mM sodium lactate, pH 7.0). FRET measurements were performed on an upright
409  fluorescence microscope (Zeiss Axio Imager.Z1). Strains were stimulated with compounds of interest.
410 The fluorescence signals were recorded, analyzed as described previously (5), and plotted using
411  KaleidaGraph (Synergy Software). Data were fit to a Hill model. For the repellent
412  response, Y=A x L"/(L" + K™), whereas for the attractant response, Y =4 x (1 — L"/(L" + K™)). In the
413  model, Y is the initial FRET response, L is the ligand concentration, 4 is the amplitude (for the saturated
414  response, 4 is fixed to be 1), H is the Hill coefficient, and K is the ECs.
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415  Promoter Activity Analyses. For promoter activity assays, E. coli strains transformed with reporter
416  plasmid pAM109 and grown in TB supplemented with kanamycin in 96-well plates at 30°C in a rotary
417  shaker at 180 rpm. Cell fluorescence was measured using flow cytometry on BD LSR Fortessa SORP
418  cell analyzer (BD Biosciences).

419

420  Motility analyses. For motility analysis, E. coli cells were grown in 10 mL TB medium at 34°C in a
421  rotary shaker at 180 rpm. Cells (1 mL) at mid-log phase (OD600 [optical density at 600 nm] = 0.6) were
422 collected and re-suspended in 1 mL tethering buffer (10 mM K,HPO4, 10 mM KH,PO4, 100 mM EDTA,
423 1 mM L-methionine, 10 mM lactic acid [pH 7.0]). Swimming velocity and tumbling rate were measured
424 by cell tracking in a glass chamber using phase-contrast microscopy (Nikon TI Eclipse, 103 objective,
425 NA = 03, CMOS camera EoSens 4CXP). All data were analyzed using Imagel
426  (https://imagej.nih.gov/ij/) with custom-written plugins for swimming velocity, drift velocity, and
427  tumbling rate analysis (53).

428
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546 Figure 1. Experimental evolution partly restores spreading of chemotaxis mutants in soft agar. (A)
547 Schematic  representation of the  chemotaxis signaling pathway of  Escherichia  coli.
548 The pathway includes transmembrane chemoreceptors (two major chemoreceptors, Tar and Tsr, are shown) that
549 form sensory complexes together with a kinase CheA (A) and an adaptor CheW (W). CheY (Y) phosphorylation
550 by CheA mediates signal transduction to flagellar motor, inducing a switch from the default counterclockwise
551 (CCW) to clockwise (CW) rotation. The adaptation module, including CheR (R) and CheB (B), regulates
552 chemoreceptor activity through methylation and demethylation of chemoreceptors on four specific glutamates
553 (black circles). The phosphatase CheZ (Z) is responsible for rapid CheY dephosphorylation. See text for more
554 details. (B) Spreading of the wildtype (wt) E. coli RP437, of its AcheR (R), AcheB (B) or AcheZ (Z) derivatives
555 deleted for individual chemotaxis genes, either before (denoted as “0”) or after evolution for 30 days in TB soft
556  agar (TBSA), with an example of one evolved line (denoted as “1”’) shown for each strain. (C-E) Size of the
557 spreading colonies for AcheR (R), AcheB (B) and AcheZ (Z) strains (C); for AcheA (A), AcheW (W) and Amcp (M)
558 strains (D); and for AcheR cheB (RB) strain (E) normalized to that of the wildtype E. coli RP437. Spreading was
559 measured for three independent replicates after incubation for ~16 h in TBSA. Several independent lines of
560 evolution (indicated by numbers) are shown for each strain. Error bars indicate standard errors. P values were
561  calculated for comparisons between spreading of evolved and respective non-evolved strains for each deletion,
562 using two tailed t-test (ns, not significant; *, P <0.05; **, P <0.01; *** P <0.001).
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568 Figure 2. Evolved changes in motility phenotypes and flagellar gene expression. (A) Fraction of time spent
569 tumbling for wt, parental strains (R0, BO and Z0), and evolved strains (R1-R4, B1-B4, Z1-Z4), measured in three
570  independent replicates. Significance analysis was done in comparison to respective non-evolved strains. (B)
571 Spreading in TBSA (data from Figure 1C) plotted as a function of the fraction of time spent tumbling for individual
572 strains. The dotted line indicates fraction of time spent tumbling for wt. (C) Run speed between two consecutive
573 tumbles, measured for all strains in three independent replicates. Significance analysis was done in comparison to
574  wt. Motility phenotypes were assessed using cell tracking (see Methods). (D) Activity of transcriptional fIiC
575 promoter (PfliC) reporter, measured as fluorescence of green fluorescent protein (GFP) using flow cytometry in
576  three independent replicates. Significance analysis was done in comparison to respective non-evolved strains.
577 Error bars indicate standard errors. P values were calculated using two tailed t-test (ns, not significant; *, P < 0.05;
578  ** P<0.01; ¥*** P <0.001).


https://doi.org/10.1101/2024.03.14.584839
http://creativecommons.org/licenses/by-nc/4.0/

579

580
581
582
583
584
585
586
587
588

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.14.584839; this version posted March 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Tsr

A

A94T(B4)
N54D(R3)

e

!

o
R
e 0

-+

e
ARARL

W

ok
£

ettt

ra

VI9IM(RE) —==]

- p—,
RN

5
TEUYG
R

[

HAMP
domain

M249T(R2) :

N

L

L263M(R4)

AAARITR
ySikaRin

Yy
LA

2
S

2

T305M{R1)-

o
iy
yisiiad

j.

71

T441KR5) — &
SA37REUN—— 1

G426E(R6})-

2 7 b
Iﬂiji;m

A

Sy A
Y

AN

(

e

J

Periplasmic

£
5
£
<]
S

It
Transmem-

brane helices

L

Cytoplasmic domain

£Q155%(21,22)

B

A166P(R3) —

531 frame-
shift(z3,24)

A496-A498
de\et\o_n(BA)

V4331 (R7)

Bl

Periplasmic

brane helices domain

HAMP Transmem-

it

Cytoplasmic domain ~._ .

domain

C D CheZ
SBP(RG ! e ’{ﬂ:
A
L71F(R4 Phosphorylation site '.?r‘nM
R75C(R1 . (34
MR — "'3“"33
> , i
[RY. o Q64L(R6) €6
G313CRS o > His190 e
Ras7G(R2)¢ - 3@;
) g & $
i‘ Q204L(R1) Rl S T \
:] ¢ "&‘ .

o
o
L

Spreading in TBSA

E319A(B1)
P457L(Z3) — o
DA476E(Z2) ﬂ@é
M98V%Z4§
L92W(Z1
0
P IS F IS I IS
n LSRR S S B N K R O
% RSIEC S I A
QTS TS L EE S
S Q’Q QO ¢ @‘ 00
€ ¢ o F
&
Q.

Figure 3. Evolutionary selected amino acid substitutions in chemotaxis proteins. Substitutions identified in
evolved R strains (red), B strains (dark blue) and Z strains (black) in (A) Tsr, (B) Tar, (C) CheB, (D) CheZ, and
(E) CheA, mapped on the respective protein structure. For chemoreceptors, functional domains are labeled. For
CheB, residues in the phosphorylation pocket and in the catalytic pocket are marked in orange. (F) Spreading in
TBSA of AcheR (RO) carrying individual mutations that were identified in the R1 strain, and their combinations,
compared to spreading of RO and R1 strains and of R1 strain carrying deletion of cheB. Values were measured in
three independent replicates and normalized to spreading of wt. Error bars indicate standard errors. Significance
analysis was in comparison to R0. P values were calculated using two tailed t-test (ns, not significant; *, P < 0.05;
¥ P <0.01; *** P <0.001).
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Figure 4. Biased movement of evolved AcheR strains towards sources of chemoattractant. (A-B) Indicated
strains were tested for biased spreading on M9 minimal medium soft-agar (M9SA) plates with a pre-established
gradient of a-methyl-D, L-aspartate (MeAsp), a non-metabolizable analog of aspartate, with 50 mM at the source
(A). Spreading bias was measured in three independent replicates and quantified as the ratio between spreading
up and spreading down the gradient. Error bars indicate standard errors. Significance analysis was done in
comparison to the bias =1. P values were calculated using one-tailed t-test (ns, not significant; *, P <0.05;
¥ P<0.01; *** P<0.001). (C-D) Accumulation of fluorescently labels cells of indicated strains towards the
source of tested compound (50 mM MeAsp) in the microfluidic device schematically represented in (C).
Chemotactic accumulation is quantified as fluorescence intensity in the observation channel (depicted in orange
in C, see also Figure S5) at indicated time points relative to the initial time point 0 (D).
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604 Figure 5. Chemotactic drift of R1 cells in a gradient of MeAsp. (A) Schematic of a chemotaxis microchamber
605 made of poly-dimethylsiloxane (PDMS). Gradients in the observation channel were created by filling one chamber
606  with motility buffer and the other with motility buffer containing either 100 pM or 1 mM MeAsp, or motility
607 buffer as a negative control (O gradient). Bacterial suspension was loaded in both chambers. (B-C) Drift velocity
608  of AcheR (RO; B) and evolved R1 line (C) cells in these gradients, measured using differential dynamic microscopy
609 (DDM). Significance analysis was done with respect to drift velocity values in absence of the gradient. P values
610 were calculated using two tailed t-test (ns, not significant; * P <0.05; ** P<0.01; *** P<0.001). (D)
611 Distributions of cell run durations for indicated strains, either in absence of a gradient (-, top) or in presence of a
612  gradient from zero to 1 mM MeAsp. Cells runs were measured using cell tracking and separated based on their
613 direction, either towards or away from the source of chemoattractant. Mean duration of runs in either direction is
614  indicated.
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