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ABSTRACT When microbes grow in foreign nutritional environments, selection may 
enrich mutations in unexpected pathways connecting growth and homeostasis. An 
evolution experiment designed to identify beneficial mutations in Burkholderia cenoce- 
pacia captured six independent nonsynonymous substitutions in the essential gene tilS, 
which modifies tRNAIle2 by adding a lysine to the anticodon for faithful AUA recognition. 
Further, five additional mutants acquired mutations in tRNAIle2, which strongly suggests 
that disrupting the TilS-tRNAIle2 interaction was subject to strong positive selection. 
Mutated TilS incurred greatly reduced enzymatic function but retained capacity for 
tRNAIle2 binding. However, both mutant sets outcompeted the wild type by decreasing 
the lag phase duration by ;3.5 h. We hypothesized that lysine demand could underlie 
fitness in the experimental conditions. As predicted, supplemental lysine comple- 
mented the ancestral fitness deficit, but so did the additions of several other amino 
acids. Mutant fitness advantages were also specific to rapid growth on galactose using 
oxidative overflow metabolism that generates redox imbalance, not resources favoring 
more balanced metabolism. Remarkably, 13 tilS mutations also evolved in the long- 
term evolution experiment with Escherichia coli, including four fixed mutations. These 
results suggest that TilS or unknown binding partners contribute to improved growth 
under conditions of rapid sugar oxidation at the predicted expense of translational 
accuracy. 

IMPORTANCE There is growing evidence that the fundamental components of protein 
translation can play multiple roles in maintaining cellular homeostasis. Enzymes that 
interact with transfer RNAs not only ensure faithful decoding of the genetic code but 
also help signal the metabolic state by reacting to imbalances in essential building 
blocks like free amino acids and cofactors. Here, we present evidence of a secondary 
function for the essential enzyme TilS, whose only prior known function is to modify 
tRNAIle(CAU) to ensure accurate translation. Multiple nonsynonymous substitutions in 
tilS, as well as its cognate tRNA, were selected in evolution experiments favoring rapid, 
redox-imbalanced growth. These mutations alone decreased lag phase and created a 
competitive advantage, but at the expense of most primary enzyme function. These 
results imply that TilS interacts with other factors related to the timing of exponential 
growth and that tRNA-modifying enzymes may serve multiple roles in monitoring 
metabolic health. 
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volution experiments coupled with whole-genome sequencing (WGS) harness the 

nearly deterministic effect of selection in large populations to capture beneficial 
mutants (1). Any mutation that rises quickly to high frequency (e.g., within 50 to 500 

generations) is essentially guaranteed to be adaptive or part of an adaptive genotype 
(2, 3). Even though beneficial mutations are relatively rare, in bacterial populations 
numbering 107 cells or more, numerous beneficial mutants often arise and co-occur. 
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Under these cases, mutations of smaller benefit are likely lost because they are out- 
competed by co-occurring mutants of greater benefit, which causes mutants captured 
first to be among the most beneficial. Surprisingly, these experiments have not cap- 
tured the diversity of genetic targets that one might anticipate from a genome-wide 
screen of beneficial variation. Rather, experimental evolution of replicate microbial 
populations has revealed surprising parallelism at the gene level for early adaptations 
(4–6). More surprising, the identity of repeatedly mutated genes is often unexpected, 
and they may contribute to pathways unanticipated to play an essential role in micro- 
bial fitness. For example, in the famous long-term evolution experiment (LTEE) led by 
Richard Lenski in which Escherichia coli populations were grown in a simple glucose so- 
lution for .70,000 generations (7), the first few beneficial mutations that swept to fixa- 
tion in each population included a deletion of genes involved in ribose catabolism and 
mutations in a regulator of the stringent response, spoT (8, 9). Neither of these gene 
targets were predicted causes of adaptation a priori, and 20 years after their discovery, 
exactly how these mutations are adaptive remains incompletely understood. These 
and other mutants, however, have inspired many subsequent studies that have 
improved models of how E. coli metabolism is regulated for optimal growth (10). 

Previously, we developed a marker-deflection assay (11, 12) to capture the first ben- 
eficial mutations rising to high frequency in experimentally evolving populations of 
the generalist environmental bacterium Burkholderia cenocepacia (13). This project was 
motivated by the goal of comparing the spectrum of captured beneficial mutations in 
a metabolically versatile microbe, such as B. cenocepacia, to those identified in a 
domesticated laboratory strain of E. coli using similar methods (14). We hypothesized 
that a broader range of adaptations would be captured in the environmental microbe 
than in the laboratory strain, but our results quickly rejected this hypothesis and led us 
to focus on the highly unusual beneficial mutations identified by WGS. 

We report strong positive selection on six, nonsynonymous single nucleotide sub- 
stitutions in the tilS gene in B. cenocepacia (strain HI2424). This gene encodes tRNAIle 

lysidine synthetase (TilS) and is considered essential, meaning that deletion mutants 
are inviable (15–17). TilS modifies the tRNA isoleucine acceptor (tRNAIle2) to decode the 
minor isoleucine codon AUA (18). Most bacterial species encode a tRNAIle2 with a CAU 
anticodon, which it shares with tRNAMet, instead of a Watson-Crick complementary 
UAU anticodon. To avoid mistranslation, posttranscriptional modification by TilS con- 
verts the tRNAIle2 wobble nucleotide C34 to lysidine (L) by adding lysine to this cyto- 
sine, which shifts base pairing specificity (15). Similarly, the presence of lysidine in 
tRNAIle2 shifts aminoacyl-tRNA synthetase preference from methionyl-tRNA synthetase 
to isoleucyl-tRNA synthetase (15, 19). Because enzymatic modification of tRNAIle2 is 
essential to maintain translational fidelity, the discovery of multiple mutations in tilS 
associated with adaptations in laboratory culture is altogether unexpected. 

Further, we identified five additional mutants from these same evolution experiments 
in the tRNAIle2 that is modified by TilS. Together, these mutants imply strong selection to 
alter the interaction between TilS and tRNAIle2 to improve B. cenocepacia fitness in a 
defined laboratory medium. Here, we propose and evaluate possible hypotheses for these 
results that could connect translational fidelity to improved growth and metabolism with 
galactose as sole carbon source. We discovered that rapid growth in a galactose minimal 
medium (GMM) with insufficient buffering capacity caused overflow metabolism, acidifica- 
tion, and redox imbalance, in which tilS and tRNAile2 mutants were favored. These studies 
demonstrate new connections between central metabolism and translational fidelity in 
which bacteria may sacrifice protein accuracy by altering essential gene products when 
metabolic constraints demand. 

 
RESULTS 

Strong genetic parallelism among adaptive mutations. We used a “marker- 
deflection assay” (12) to identify early beneficial mutants of a clone of B. cenocepacia 
strain HI2424 (wild type [WT]), initially isolated from soil (20) when growing in minimal 
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media containing galactose as the sole carbon source. Equal fractions of otherwise 
identical Lac1 and Lac– strains (the neutral markers) were inoculated in replicate tubes 
and propagated daily by 1:100 dilution for 6 days followed by 1:10,000 dilution for 6 
additional days. Dilution levels were lower at the start to avoid extinction of the ances- 
tral population, which had a long lag phase. If the initial 1:1 ratio of markers deviated 
to 3:1 in either direction (the deflection) or after 12 days of propagation (;102 genera- 
tions), the experiment was stopped, and clones of both marker types were picked as 
putative “winner” and “loser” genotypes (Fig. 1A). These putative mutants were com- 
peted directly against the ancestral genotype of the opposite marker over 24 h in the 
same experimental conditions, and if they outcompeted the ancestor (relative fitness 
r . 0; see also Table S1 in the supplemental material), their genomes were analyzed by 
WGS to identify the causative adaptive mutations. 

In total, 19 putatively beneficial mutants were selected from three independent 
marker-deflection assays with the WT strain of HI2424 (see Table S2). Of these sequenced 
genotypes, eleven acquired single nucleotide mutations, seven had two to four muta- 
tions each, and two had no detectable mutation and were not considered further (see 
Table S2). Strong parallelism in the altered genes was evident: six genotypes acquired 
nonsynonymous mutations in tilS, encoding tRNA isoleucine lysidine synthetase (TilS); 
four genotypes were mutated in ppc, encoding phosphoenolpyruvate carboxylase; and a 
single nucleotide polymorphism (SNP) occurred in tRNAIle2, the substrate of TilS. This 
report focuses on the mutations in tilS and tRNAIle2 (Fig. 1B); a study of the ppc mutants 
will appear separately. Four of the six tilS mutants had only a single nucleotide substitu- 
tion in that gene and no other, demonstrating that these mutations are the definitive 
genetic cause of the fitness advantage in GMM. 

We repeated this same design using a preadapted clone of B. cenocepacia that had 
been propagated in a similar medium but also selected for growth on plastic beads 
(21), again using marker-deflection versus an isogenic Lac– mutant to capture new 
mutants. In total, 15 new mutants were isolated that included six with a single muta- 
tion and nine with two to four new mutations (see Table S2). Notably, four mutants 
acquired substitutions in tRNAIle2 and nine acquired mutations in ppc, providing further 
evidence of genetic parallelism of adaptations. Because isolating the phenotypic con- 
tributions of these parallel mutations was complicated by the seven mutations this 
ancestor had previously acquired in an earlier experiment (21), we did not analyze 
these genotypes further. However, the parallel evolution of six nonsynonymous muta- 
tions in the essential tilS gene, as well as five mutations in its cognate tRNAIle2 gene, 
supports the inference that selection acted to disrupt the interaction between these 
gene products. These genotypes became the experimental focus of this study. 

To evaluate the evolutionary conservation of mutated TilS residues and whether 
they may be tolerant of variation, we aligned TilS amino acid sequences to the cocrys- 
tal structure of Geobacillus kaustophilus TilS and Bacillus subtilis tRNAIle2 (PDB 3A2K) 
(22) using CONSURF (23). CONSURF computes site-specific rates of evolutionary diver- 
gence from phylogenetically representative homologous sequences using Bayesian in- 
ference; a static alignment for this PDB is available at the CONSURF web server (23). 
The positions of mutated residues are highly conserved (49 to 100%), and all are 
among the top 25% most conserved sites among 150 phylogenetically diverse homo- 
logs (Fig. 1C and D). Although mutations affected highly conserved positions, the pa- 
rental BcTilS residue differs from the consensus residue in the multispecies alignment 
in some cases. For example, N274 aligns with the consensus R271; this residue is only 
Asn in 9.7% of the sequences. Likewise, N445K aligns with consensus S442 and is only 
Asn in 3.0% of the sequences. Of the six TilS mutants identified in the WT background 
(R208C, N274Y, P421L, N445K, and A244T found twice), all but R208C occurred alone, 
meaning that these single substitutions are the sole cause of the phenotypes reported 
here. Because R208C was not isogenic, this mutant was not studied further, although 
notably this residue is strictly (100%) conserved. 
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FIG 1 Identification of B. cenocepacia TilS and tRNAIle2 mutants that increased fitness in minimal medium containing 1% galactose. 
(A) Schematic of marker deflection assay, where beneficial mutations can arise in either the Lac1 or the Lac– ancestor population and 
affect the frequency of the marker sufficiently to indicate mutant invasion. (B) Structure of TilS:tRNAIle2 complex indicating the 
location of single nucleotide substitutions in both partners at locations distal from the enzyme active site. Red, catalytic domain; 
blue, linker domain; purple, acceptor stem binding domain. Shown is the G. kaustophilus TilS:B. subtilis tRNAIle2 structure, PDB 3A2K 
(22). (C) Schematic of TilS domain organization with mutation locations noted using the same color scheme as panel B, and degree 
of conservation of mutated residues among 150 phylogenetically diverse orthologs ranging from 35 to 95% overall identity, 
measured using CONSURF (23). A static CONSURF analysis of TilS can be found for PDB 3A2K on the web server. (D) Evolutionary 
conservation of mutated TilS residues. Normalized conservation scores are set with mean of 0 and one standard deviation equal to 
11 or 21. CONSURF scores report similar results on a scale of 1 (least conserved) to 9 (most conserved). See the text and reference 
23 for more details of this analysis. 
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FIG 2 Fitness components of WT and tilS or tRNAIle2 mutants of B. cenocepacia. Increased fitness of tilS mutants (area under the curve, AUC, top row) 
results from reduced lag phase (Lag, bottom row) in GMM, but the fitness deficit of wild-type (WT) is complemented by added lysine (Lys) or aspartate 
(Asp) but not methionine (Met). Means and confidence intervals are indicated in black (WT) or color (mutants), with individual observations in gray. Letters 
above each data set denote results of post hoc pairwise means testing following two-way analysis of variance (ANOVA; P , 0.05) and corrected for multiple 
comparisons. Groupings are statistically indistinguishable if they share the same letter, but different groupings if letters differ. Quantitative differences in 
fitness measures (WT-mutant) are shown in boxes at bottom, and significant differences are shaded by magnitude of difference. AUC, area under the curve; 
AU, absorbance units at OD600. 

 

Mutations in tilS and tRNAIle2 enhance growth in the absence of certain amino 
acids. We hypothesized that the parallel evolution of mutations in tilS and its cognate 
tRNAIle2 resulted from selection to remedy some metabolic inefficiency tied to amino acid 
availability, given that lysine is a substrate of TilS. We therefore compared growth kinetics 
of tilS and tRNAIle2 genotypes with WT in GMM in which they originally evolved and in 
GMM containing various nutritional supplements. As expected, fitness, defined as the 
area under the growth curve (AUC), was significantly greater for tilS and tRNAIle2 mutants 
in GMM (Fig. 2). It is notable that fitness advantages of all mutants were statistically simi- 
lar in most assays, suggesting that either disrupting the enzyme (TilS) or the substrate 
(tRNAIle2) produce the same phenotype affecting growth (see Fig. S1). Supplementation 
with lysine or with aspartate, arginine, or isoleucine, each of which can be efficiently con- 
verted to lysine, complemented the fitness defect of WT and eliminated significant differ- 
ences between genotypes (Fig. 2; see also Fig. S1). Consistent with this model that lysine 
deficiency favored these mutants, supplementation with amino acids that are metabol- 
ically distant from lysine (methionine and tryptophan) had no effect on fitness difference, 
although phenylalanine, which is not tied to lysine pathways, did complement WT fitness 
and improved growth of all mutants (Fig. 2; see also Fig. S1). The results suggest that scar- 
city of certain free amino acids, including lysine contributed to selection of the mutants. 

Fitness benefits of mutants were further amplified over 36 h of incubation relative 
to the 24-h interval of serial transfer in the selection experiment. The growth curve 
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FIG 3 Fitness advantage of tilS and tRNAIle2 mutants is specific to imbalanced oxidative growth on substrates like galactose and in the absence of amino 
acids like lysine. (A) Lysine supplementation eliminates delayed lag of B. cenocepacia WT relative to tilS and tRNAIle2 mutants. Added lysine (middle panel), 
but not tryptophan (bottom) to the selection media (unaltered, top) complements the WT fitness defect relative to tilS mutants by reducing lag phase 
duration. Several other substrates eliminate fitness differences between WT and mutants (see Fig. S1). (B) Identity and concentration of the carbon source 
dictates relative fitness advantage of tilS mutants. Galactose can be metabolized via either the slower, redox-balanced Leloir pathway, or the faster 
combination of De Ley-Doudoroff (DLD) and Entner-Doudoroff (ED) pathways that causes redox imbalance and media acidification. Note that 
phosphoenolpyruvate carboxylase (Ppc) provides a shunt past pyruvate and avoids lactate production. (C) Fitness differences are greatest in 1% galactose 
(Gal), followed by 0.1% galactose, and least in 1% mannose (Man). Means and confidence intervals are in black (WT) and color (mutants), with individual 
observations in gray. Different letters distinguish statistically significant groupings determined by pairwise means testing after two-way ANOVA (P , 0.05). 
The gray panel background denotes GMM selective medium. AUC, area under the curve. Lag and maximum growth rate (Vmax) inferred from growth curves 
as described in Materials and Methods. AU, absorbance units at OD600. 

 

dynamics (Fig. 3A) indicate why: cultures did not reach stationary phase until at least 
36 h. These dynamics also show that fitness benefits of mutations arise mostly from 
the ability to emerge from lag phase ;3 h earlier than WT (Fig. 3A). On the contrary, 
the maximum growth rates of the mutants are indistinguishable from their ancestor 
regardless of supplementation (see Fig. S1). 

Fitness is dependent on carbon source and concentration. The evolved mutants 
were isolated in selective minimal media with excess galactose as the only available car- 
bon source. To test whether their fitness advantages were specific to this carbon source 
or its concentration, we substituted galactose with mannose or varied sugar concentra- 
tions. Mannose enters metabolism through the Leloir pathway via a fructose intermedi- 
ate, whereas galactose enters through either the Leloir or the De Ley-Doudoroff (DLD) 
pathway, followed by the redox-imbalanced Entner-Doudoroff (ED) pathway (Fig. 3B). 
Given the high galactose concentration, we hypothesized that this sugar was predomi- 
nantly metabolized through the DLD pathway via a galactonate intermediate, as the 
Leloir pathway is quickly overwhelmed (24). As predicted, substituting mannose for gal- 
actose greatly reduced the fitness advantage of the mutants (Fig. 3C). Furthermore, 
when galactose concentration was reduced from 1 to 0.1%, the growth curves more 
closely resembled that in 1% mannose. These results suggest that mutant fitness advan- 
tages depend on both amino acid scarcity and the primary pathway for substrate uptake 
and metabolism. Following research demonstrating that rapid growth on glucose by 
Burkholderia also relies upon the DLD-ED pathways (24), we also measured fitness in 
both 1 and 0.1% glucose. As predicted, all mutants grew earlier and to a higher density 
than WT in both concentrations, but with a greater advantage at higher glucose levels 
(see Fig. S2B). Further evidence of the prevailing use of DLD-ED pathway over the Leloir 
pathway was observed in measures of global transcription (see below), which indicated 
greater expression of gluconate kinase (kgk) than glucokinase (glk) across all genotypes 
studied here. These genes are the first committed steps of these pathways (paired t test, 
t = 4.51, df = 7, P = 0.0028). 

Another predicted outcome of galactose catabolism in Burkholderia is acidification 
of the media via the ED pathway, which induces secretion of organic acids as a by- 
product to restore redox balance (24). Rapid growth on galactose and flux through the 
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ED pathway causes increased production of glyceraldehyde-3-phosphate and pyru- 
vate, both of which consume NADH (Fig. 3B). Pyruvate is subsequently converted into 
lactate, some of which is secreted and causes media acidification. In prior experiments 
with this strain and growth media, we noticed acidification during growth but did not 
recognize this metabolic process (25). We confirmed the abundance of organic acids, 
including lactate, in the media following logarithmic growth by high-pressure liquid 
chromatography (HPLC). The fitness advantages of tilS and tRNAIle2 mutants in GMM 
are largely explained by their reduced lag phase and hence earlier entry into exponen- 
tial growth (Fig. 3A and C), but this change in growth could also affect the rate at 
which the medium acidifies. We measured the relationship between cell density and 
media pH for representative genotypes tilS N274Y and WT, in both the poorly buffered 
GMM media used in the selection experiment and in the standard M9 buffer (CSH) 
with 1% galactose (see Fig. S2A). As expected, N274Y grows faster than WT and 
reduces pH below 6.5 by 24h and below 6.0 at 36h. The WT strain eventually reaches 
similar OD600 and pH levels but approximately 4 h later, which translates into a large 
disadvantage in direct competition when the earlier-growing mutant competitor is 
acidifying the growth environment. On the contrary, growth in 1% mannose or 0.1% 
galactose does not acidify the media as quickly (see Fig. S2B). Because these growth 
curves were conducted in separate cultures, they cannot account for possible interac- 
tions between genotypes related to greater acid tolerance of mutants, suppression of 
the slower-growing WT, or metabolic cross-feeding. In summary, tilS mutants grow bet- 
ter on resources like galactose and glucose (see Fig. S2B) that are metabolized by the 
DLD and ED pathways, which causes redox imbalance and media acidification. Mutants 
acidify the medium faster, tolerate this stress, and indirectly limit growth of late-growing 
competitors, but they do not alter the relationship between growth and pH in these ex- 
perimental conditions. 

Mutations in tilS greatly reduce lysidinylation of tRNAIle2. The metabolic advan- 
tages of selected tilS and tRNAIle2 mutations suggest that altered catalytic or binding 
functions of TilS with its cognate tRNA are responsible for B. cenocepacia fitness differ- 
ences. The selected nonsynonymous mutations are distant from the TilS active site 
(Fig. 1B) but nonetheless alter a gene identified as essential for translation (16, 17, 26). 
We hypothesized that the mutations would impact TilS enzymatic function and tested 
this by measuring activity and structure of recombinant overexpression constructs of 
four TilS mutants in Escherichia coli. The influence of each mutation on TilS structure 
was assessed via circular dichroism. Only the N274Y variant displayed a modestly dif- 
ferent a-helical content in its folded state compared to WT TilS (see Fig. S3), suggesting 
that most mutations had minimal effects on protein structure. [It should be noted that 
the N274Y variant also required lower IPTG induction to generate soluble protein.] We 
assayed each recombinant protein variant for its ability to catalyze lysidine synthesis 
using in vitro transcribed tRNAIle2. Each mutation lowered catalytic activity compared 
to the WT enzyme, with A244T, N274Y, and P421L substitutions reducing activity by 
30-fold to .100-fold (Fig. 4A) and N445K mutation reducing activity by 6-fold (see 
Table S3). Each selected mutation therefore caused loss of function in vitro despite 
affecting residues distal to the active site: residues 244 and 274 are ;25 Å away from 
the active site, while residues 421 and 445 are 60 and 75 Å away, respectively. This ob- 
servation leaves open the possibility that the diminished activity of selected TilS 
mutants may be due to impaired tRNA binding. 

Evolved TilS mutations reduce but do not eliminate tRNAIle2 binding. To deter- 
mine whether mutants affected the ability of TilS to complex with tRNAIle2, we con- 
ducted electromobility shift assays (EMSAs) by incubating 32P-labeled tRNAIle2 with 
increasing amounts of TilS variants. Mutants exhibited reduced binding affinity for 
tRNAIle2 (Fig. 4C; see also Table S3) that likely contributes to the catalytic defect, but 
the ,2-fold reduction in Kd seems too small to explain the observed loss of enzymatic 
function approaching 2 orders of magnitude. These results suggest that reduced catal- 
ysis by TilS variants is not simply due to an inability to recognize tRNAIle2. We next 
sought to determine whether mutants altered the in vivo pool of modified tRNA. 

March/April 2023 Volume 14 Issue 2 10.1128/mbio.00287-23 7 

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/jo

ur
na

ls.
as

m
.o

rg
/jo

ur
na

l/m
bi

o 
on

 3
0 

A
ug

us
t 2

02
3 

by
 1

52
.1

7.
13

5.
32

. 

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00287-23


Adaptive Mutations That Impair Translational Fidelity mBio 
 

 
 

 
 

FIG 4 Evolved TilS mutations reduce catalysis significantly and tRNA binding modestly. (A) Catalytic activity of B. 
cenocepacia TilS variants. Lysidinylation activity was normalized to WT TilS; each protein variant was determined to be 
significantly (P , 0.05) different from the WT using one-way ANOVA. (B) Representative EMSA gel of TilS:tRNAIle2 
complex formation. 32P-radiolabeled tRNAIle2 is separated from the ribonucleoprotein complex on a 10% native 
polyacrylamide gel. (C) Graphical summary of EMSA data fit to the Hill equation in Prism v7.0 (GraphPad). 

 
 

tRNAIle2 transcription levels are reduced in some mutants and diminish lysidine 
incorporation in vivo. One possible mechanism by which the cell can overcome dimin- 
ished enzyme activity is by increasing synthesis of the enzyme’s substrate. We investi- 
gated whether the evolved mutants overproduced tRNAIle2 in vivo by probing total B. cen- 
ocepacia RNA with CY5-labeled oligonucleotide DNAs targeting BctRNAIle2 or BctRNAMet. 
The Northern blot analysis revealed no increase in tRNAIle2 levels, but rather a modest 
decrease in the P421L mutant and an ;50% reduction in the A79G mutant (Fig. 5A). To 
test whether TilS mutants indeed failed to modify cellular tRNAIle2, levels of individual 
nucleosides were analyzed by HPLC-coupled mass spectrometry. Lysidine modification is 
exclusive to tRNAIle2, so loss of lysidine in the tRNA pool correlates to the loss of TilS activ- 
ity. Lysidine levels in the TilS mutants mimicked the catalytic trends of these transcripts in 
vitro (Fig. 4A), with each of the mutant strains demonstrating reduced lysidine from the 
tRNA pool compared to the WT ancestor (Fig. 5C). Mutants A244T, N274Y, or N445K pro- 
duced only ;30% of the lysidine level seen in the WT ancestor, while P421L produced 
only 10% of WT levels (see Table S3). Thus, the catalytic phenotypes observed in vitro are 
broadly consistent with those in vivo, and more importantly, increased fitness during 
growth in GMM is tied to the loss of the only known conserved function of the TilS 
enzyme. 

tilS mutations are broadly pleiotropic and their transcriptomes indicate 
enhanced metabolic efficiency. We predicted that the large fitness gains of tilS and 
tRNAIle2 mutants would associate with altered expression of gene sets that would suggest 
mechanisms of their growth advantage. Comparing mutant and WT transcriptomes was 
complicated by their different growth dynamics, rates of resource consumption, and media 
acidification (Fig. 3; see also Fig. S4). To evaluate genotype differences more independently 
of these environmental feedbacks, we isolated RNA from each replicate at equivalent opti- 
cal density (but different time points) for transcriptome sequencing (RNA-Seq). Among hun- 
dreds of differently expressed genes, most outliers belong to four pathways (Fig. 6). First, 
each mutant showed upregulated iron uptake through Fe31 siderophore receptors like 
ornibactin (orbA) and regulators like the FecI sigma factor (Bcen2424_1359), which are likely 
required to assemble iron-sulfur proteins that are in high demand during bacterial lag 
phase (27). Second, mutants upregulated the glyoxylate bypass through the iron-sulfur 
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FIG 5 Cellular lysidine levels are decreased in TilS mutants but not in a tRNAIle2 mutant. Total RNA was extracted from each strain, including tRNAIle2A79G 
(A79G). (A) CY5-labeled probes specific for B. cenocepacia tRNAIle2 or tRNAMet were used to determine cellular tRNA abundance as a percentage of WT by 
Northern blotting. Total E. coli RNA was used as a negative control to demonstrate probe specificity; in vitro-transcribed B. cenocepacia tRNAIle2 and tRNAMet 
were used as positive controls. (B) Nuclease P1-digested total RNA was analyzed by LC-MS for the presence of lysidine. (C) Detected lysidine (see panel B) 
was normalized to tRNAIle2 levels in each sample (see panel A) to adjust for differences in tRNA transcription levels between each sample and replicate by 
using ANOVA with post hoc testing for five biological replicates (*, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001). 

 

cluster enzyme aconitase (acnB), which was the transcript showing the greatest fold 
increases, and isocitrate lyase (icl), which preserves carbon for biomass generation (28). Two 
additional pathways are strongly suppressed in mutants: production of polyhydroxylalka- 
noates (PHAs), energy storage molecules that are typically produced in large quantities by 
Burkholderia but which consume acetyl coenzyme A (acetyl-CoA), and production of a newly 
discovered antifungal secondary metabolite called fragin, whose expression demands 
directly oppose that of tilS mutants (29). These differences are clearly illustrated in compar- 
ing N274Y with WT (Fig. 6) but are representative of other mutants, including tRNAIle2, which 
shows similar effects on expression but differences of lower magnitude (see Fig. S4). 
Together, these data suggest that unmodified tRNAIle2 or unoccupied TilS generate a signal 
or process that increases iron acquisition and conserves carbon as acetyl-CoA for synthesis 
of all cellular components from the sole substrate of galactose, while reducing investment 
in energy storage and metabolic by-products. 

tilS mutations are also selected in the long-term evolution experiment with E. 
coli. Our findings suggest that the enzymatic modification of tRNAIle2 and/or a second- 
ary function of TilS could experience selection in other evolution experiments with sim- 
ilar metabolic demands. The best studied and longest running evolution experiment is 
the long-term evolution experiment (LTEE), in which populations of E. coli have been 
propagated in minimal medium with glucose as sole carbon source for .70,000 gener- 
ations. We hypothesized that this long-term selection for rapid growth and reduced 
lag phase on glucose could also select tilS mutants and searched published results of 
WGS of LTEE clones and populations for these mutations (30, 31). We identified 13 
unique mutations (12 nonsynonymous) in five independent populations (see Table S4); 
four of these became fixed (100% frequency) in three different populations (Fig. 7). 
Based on the mutant activities shown here, we speculate that as many as three LTEE 
populations do not decode tRNAIle2 as efficiently as the WT ancestral E. coli. This deficit 
could be significant because the E. coli genome encodes the AUA codon in the pro- 
teome in roughly 5 per 1,000 codons, which is far greater than the rate of 0.6 per 1,000 
in B. cenocepacia. However, all fixed mutations arose in populations Ara–2, Ara–4, and 
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FIG 6 Genome-wide differences in expression between TilS N274Y and WT using RNA-Seq. (A) Volcano plot of 431 
genes with fold change . 0.75 and/or P , 0.001 (denoted by dotted lines), with those meeting one or both criteria 
plotted in color. Most of the genes exhibiting the most significant changes in expression participate in four 
pathways, as shown. Comparisons between other mutants are shown in Fig. S4. (B) Shared, upregulated enzymes in 
tilS and tRNAIle2 mutants upregulate the glyoxylate bypass, likely to preserve carbon (acetyl-CoA) for gluconeogenesis. 

 

Ara13 that had evolved higher mutation rates, which increases the possibility that tilS 
mutations were not themselves beneficial but rather became fixed due to linkage with 
other more beneficial mutations (31). On the other hand, identical T149A mutations 
arose independently in two populations, ultimately fixing in one of them (see Table S4). 
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FIG 7 Frequencies of 10 tilS mutations in the LTEE that were detected at multiple time points during 
the experiment (30, 31). Three other mutations were only detected in single clones (see Table S4). 
Four mutations denoted in boldface reached 100% frequency: V42A in Ara–4, P203S in Ara–2, and 
T149A and T240A in Ara13. 

 
This precise molecular parallelism indicates they are adaptive, but the enzymatic or fit- 
ness phenotypes associated with these mutations remain to be characterized. 

 
DISCUSSION 

Research into the genetic causes of adaptation is advancing rapidly with the aid of 
innovative high-throughput screens and efficient WGS. Often, beneficial genotypes 
converge on a few pathways or genes that were unexpected from the experimental 
environment and its stressors (2, 21). Selected mutants can reveal previously unknown 
genetic pathways to improved growth and disproportionately involve global regula- 
tors of expression (32, 33). These possibilities motivated our evolution experiments 
that included a reporter of selective sweeps to capture the earliest adaptive mutants in 
a simple laboratory environment medium with galactose as the sole carbon source. In 
two experiments with different B. cenocepacia strains, we identified 32 genetically dis- 
tinct mutants associated with increased fitness, and remarkably 11 of them carried 
mutations in the TilS pathway, either in tilS gene itself (n = 7) or in its substrate tRNAIle2 

gene (n = 4). All characterized tilS mutations reduced the known catalytic function of 
the TilS enzyme, the lysidinylation of the tRNAIle2 anticodon that is essential for faithful 
and efficient translation of the AUA codon (18). Because prior research demonstrated 
that a partial knockdown of lysidine formation drastically hinders AUA decoding in vivo 
(15), our discovery of .10-fold reduced lysidine production by evolved mutants sug- 
gests that their translation of AUA codons is significantly impaired. However, these 
mutations improved fitness under our experimental conditions by reducing the lag 
phase prior to exponential growth (Fig. 2 and 3), suggesting that at least under certain 
conditions, sacrificing translational fidelity and efficiency can be beneficial for growth. 
Single SNPs in tilS also dramatically influence the global transcriptome (Fig. 6) and indi- 
cate that fitness gains are associated with increased usage of the glyoxylate bypass 
and iron scavenging and suppressed production of an antifungal secondary metabolite 
and PHA polymers. How mutated TilS or unmodified tRNAIle2 alters the expression of 
these pathways and enables earlier exponential growth (Fig. 3) remains unclear, and 
we discuss some possibilities below. However, the convergent evolution of mutations 
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in both tilS and tRNAIle2 suggests that interference with tRNAIle2 lysidinylation was 
strongly favored. 

Several studies have attempted to mutate or delete tilS from varied model organ- 
isms without success, except for the notable case of a tilS deletion mutant of B. subtilis 
that was suppressed by a co-occurring mutation in the anticodon of tRNAIle2 from CAT 
to TAT (34). This experimental evidence that tilS is an essential gene is supported by its 
nearly universal conservation in bacterial genomes, save for a few that encode tRNAIle2 

with a TAT anticodon (35). However, the usage frequency of the AUA codon varies 
widely despite being relatively rare, from 0.6 AUA codons per 1,000 in G1C-rich 
genomes such as B. cenocepacia HI2424 to ;27 AUA codons per 1,000 in G1C-poor 
genomes such as Campylobacter species (36). It seems likely that varied demand for 
AUA decoding as a function of overall genome G1C content influences the essentiality 
of lysidinylation by TilS and could have facilitated the disruption of the TilS-tRNAIle2 

reaction in B. cenocepacia. Nonetheless, our discovery of 12 nonsynonymous mutations 
and 4 fixed mutations in the E. coli LTEE indicates that an organism with intermediate 
genome usage of AUA (5 per 1,000) can still tolerate mutations in tilS (see Table S4). 
Further, the dynamics of the 10 LTEE mutations that persisted at detectable frequen- 
cies over thousands of generations, combined with the fact that identical mutations 
arose in two independent lineages, suggest that mutated TilS was also advantageous 
during long-term selection for rapid growth in minimal glucose medium (Fig. 7). 
Together, the experimental selection of mutated tilS in two different systems demon- 
strates that partial loss-of-function mutations of this enzyme are not only tolerated, 
but even subject to positive selection under conditions of extreme metabolic flux that 
cause redox imbalance and demands for gluconeogenesis. Nevertheless, the fact that 
no deletion or premature stop mutations were selected in these experiments strongly 
indicates that translation of an intact TilS enzyme remains essential. The extreme pleio- 
tropic effects of selected mutants on growth dynamics, resource usage, and global 
transcription point toward a yet-undiscovered moonlighting function for TilS, perhaps 
by binding other RNAs that regulate central metabolism and/or suppress production 
of secondary metabolites (Fig. 6). 

We considered several explanations for the fitness advantages of tilS and tRNAIle2 

mutations. First, we reasoned that genes enriched in rare AUA codons may have been 
selected for suppressed translation that an efficient TilS enzyme would otherwise enable. 
This form of attenuation by slowed translation speed has several precedents (37). 
However, the B. cenocepacia genome has only 20 clearly predicted genes with 4 or more 

AUA codons, and only ;1,100 AUA codons in the entire 7.8-Mbp genome distributed 
across ;800 genes (38) (see Text S1 in the supplemental material). Nonetheless, some of 

these 20 genes could play a role in modulating redox stress or metabolic regulation, 
such that their altered translation could influence fitness. Yet, no mutations or significant 
transcriptional differences were observed in this gene set, implying that any resulting dif- 
ferences would need to be studied by comparing protein levels. Specifically, we predict 
that AUA codons would specify misincorporation of Met instead of Ile in mutant geno- 

types more than typical background translation error, which we are currently measuring. 
Second, we considered that lysine levels became a limiting resource and their usage 

to modify tRNAIle2 acted as a regulatory signal; however, infrequent this reaction. The 
fact that supplementation with lysine or other amino acids that are readily converted to 
lysine complemented the WT fitness deficit supports this explanation (Fig. 2). Further, 
mutant TilS enzymes exhibit reduced production of lysidine, and hence reduced con- 
sumption of lysine (Fig. 5). One possible source of lysine demand is the need to buffer 
an acidic cytosol or periplasm caused by organic acid by-products of growth using the 
ED pathway (Fig. 3) (24). In response to this acid stress, many microbes produce poly- 
amines by decarboxylating amino acids like lysine and arginine into cadaverine, putres- 
cine, or spermidine. These polyamines both directly buffer pH and interact with porins 
to prevent further proton uptake (39, 40), and research is mounting that they may have 
broader regulatory roles by activating the stringent response via the alarmone ppGpp 
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(41). We tested this model by quantifying levels of amino acids in WT and mutant strains 
grown in our selective conditions by HPLC, and we also attempted to measure cadaver- 
ine. However, no significant differences in amino acid or polyamine levels were observed 
repeatably, suggesting that any interactions with polyamine production, should they 
exist, are transient and/or limited to the lag phase of growth distinguishing WT and 
mutants, where cell density may have been too low for these measurements. 

Third, it is possible that TilS, in its role as a tRNA-modifying enzyme, binds other RNAs 
relevant for emergence from lag phase under these experimental conditions. Several 
major differences in mutant transcriptomes were identified that are not simple reflec- 
tions of earlier exponential growth, given that we harvested cells at similar density and 
growth rate. Two major pathways that were upregulated seem to be the best candidates 
for such interactions (Fig. 6): (i) activation of the glyoxylate bypass to preserve carbon 
backbones from the tricarboxylic acid (TCA) cycle for biomass production or (ii) increased 
capacity for iron uptake that is a hallmark for entering exponential growth (42). Notably, 
the most upregulated gene in the TilS N274Y mutant is aconitase, which is an iron-sulfur 
cluster enzyme that leads to the glyoxylate bypass, as well as TCA. This change, com- 
bined with increased siderophore activity, suggests that mutant TilS may enable acquisi- 
tion of trace metals to exit lag sooner. Future work will examine this potential secondary 
function of TilS. Fourth, it is possible that the modification state of tRNAIle2 may act as a 
metabolic sensor in an unknown pathway. It is becoming appreciated that tRNAs can 
govern metabolism by linking their decoding roles with biosynthetic processes (37). 
Notable examples include the miaB gene that thiomethylates adenosine residues in 
tRNAs with NNA anticodons and also influences sporulation and antibiotic production in 
Streptomyces (43). In addition, the miaE gene that produces ms2i6A nucleoside modifica- 
tions also influences aerobic growth on dicarboxylic acids in Salmonella (44). The most 
promising precedent may be a mutant of tilS in Helicobacter pylori that was associated 
with increased colonization of the mouse gut, an acidic environment, but this association 
was not explored further (45). In summary, based on the findings presented here, either 
the unmodified tRNAIle2 or the unoccupied TilS enzyme likely play roles in regulating 
central metabolism that extend beyond their role in translational accuracy, but the iden- 
tity of these genetic partners still elude us. 

To conclude, a screen for beneficial genetic mutants of B. cenocepacia growing in a 
simple, inadequately buffered growth medium containing galactose as sole carbon 
source repeatedly selected mutants that should in theory fail to properly decode the rare 
AUA codon. These mutants improved growth by reducing the duration of lag phase, 
resulting in a large competitive advantage, and their advantages were specific to rapid, 
redox-imbalanced growth in medium lacking certain amino acids. TilS mutants also 
evolved in a long-running evolution experiment with E. coli in which exit from lag phase 
is also at a premium (46) and exhibited dynamics consistent with an adaptive role, to- 
gether suggesting this tRNA modification pathway may influence fitness in diverse bacte- 
ria. The breadth of phenotypes altered by these mutations add to the growing evidence 
that the many modifications of tRNAs, each of which link to distinct pathways and essen- 
tial building blocks, enable exquisite sensing of the cellular metabolic state. 

 
MATERIALS AND METHODS 

A summary of our approach follows. More-detailed methods are available in Text S1 in the supple- 
mental material. 

Bacterial strains and culture conditions. B. cenocepacia HI2424, a soil isolate of a globally distrib- 
uted clone causing infections in persons with cystic fibrosis and other immunological disorders, was the 
wild-type (WT) ancestor used in all experiments and is naive to laboratory conditions (20). A lacZ1 mu- 
tant was created by Tn7 insertion that is neutral for fitness but distinguishable on X-Gal plates (13). 
Selection experiments were conducted in a modified version of M9 minimal media with 1% galactose 
(GMM) added as the sole carbon source. Equal fractions of HI2424lac and HI2424lac– genotypes were 
added to 5 mL of GMM in test tubes grown on a roller drum and propagated by 1:100 dilutions for 
6 days and 1:10,000 dilutions for up to 6 additional days. Every 72 h, a 1024 to 1025 dilution of each cul- 
ture was counted on X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) plates to determine 
marker frequency; when it diverged beyond 3:1 or after 12 days (;120 generations), single clones were 
picked from both winning and losing marker types and compared to the ancestor for altered fitness. 
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Clones found to be more fit (selection rate constant r . 0 [47] during 24 h of direct competition with 
the oppositely marked WT strain) were genotyped by WGS as described previously (5). 

Fitness assays. Fitness was measured by growth curves in GMM mimicking selective conditions, 
except when supplements were added, e.g., 0.60 mM L-arginine, 0.10 mM L-aspartate, 0.40 mM L-lysine, 
0.10 mM L-methionine, 0.20 mM L-phenylalanine, 0.05 mM L-tryptophan, or 0.18 mM iron(III) chloride 
hexahydrate; the modified M9 with 0.1% galactose or 1% mannose; or the standard M9 minimal medium 
recipe (48) with 1% galactose. 

TilS enzyme activity. His-tagged WT and mutant TilS proteins were purified from E. coli expression 
vectors. Lysidinylation activity was monitored as previously described (22, 49). The efficiency of tRNAIle2 
binding was quantified by using EMSAs and Northern blotting. Cellular lysidine levels were determined by 
liquid chromatography-mass spectrometry (LC-MS) as described previously (50). RNA-Seq analysis of the 
mutants and WT was conducted as described previously (51), with the modifications described in Text S1. 

 
SUPPLEMENTAL MATERIAL 

Supplemental material is available online only. 
TEXT S1, PDF file, 0.1 MB. 
TABLE S1, PDF file, 0.03 MB. 
TABLE S2, PDF file, 0.1 MB. 
TABLE S3, PDF file, 0.03 MB. 
TABLE S4, PDF file, 0.03 MB. 
FIG S1, PDF file, 0.6 MB. 
FIG S2, PDF file, 0.8 MB. 
FIG S3, PDF file, 0.1 MB. 
FIG S4, PDF file, 0.2 MB. 
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