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Accurate protein synthesis is a tightly controlled biological process
with multiple quality control steps safeguarded by aminoacyl-transfer
RNA (tRNA) synthetases and the ribosome. Reduced translational ac-
curacy leads to various physiological changes in both prokaryotes and
eukaryotes. Termination of translation is signaled by stop codons and
catalyzed by release factors. Occasionally, stop codons can be sup-
pressed by near-cognate aminoacyl-tRNAs, resulting in protein variants
with extended C termini.We have recently shown that stop-codon read-
through is heterogeneous among single bacterial cells. However, little is
known about how environmental factors affect the level and heteroge-
neity of stop-codon readthrough. In this study, we have combined dual-
fluorescence reporters, mass spectrometry, mathematical modeling, and
single-cell approaches to demonstrate that a metabolic stress caused by
excess carbon substantially increases both the level and heterogeneity
of stop-codon readthrough. Excess carbon leads to accumulation of acid
metabolites, which lower the pH and the activity of release factors to
promote readthrough. Furthermore, our time-lapse microscopy experi-
ments show that single cells with high readthrough levels are more
adapted to severe acid stress conditions and are more sensitive to an
aminoglycoside antibiotic. Our work thus reveals a metabolic stress that
promotes translational heterogeneity and phenotypic diversity.

Faithful gene expression demands high fidelity during DNA
replication, transcription, and translation (1–7). A critical

step to maintain such accuracy is proper termination of protein
synthesis at UAA, UAG, and UGA stop codons, which is cata-
lyzed by release factors (RFs) (8, 9). In bacteria, RF1 catalyzes
release of peptides from the peptidyl-transfer RNA (tRNA) at
UAA and UAG codons, whereas RF2 releases growing peptides
at UAA and UGA codons. In eukaryotes, a single class I release
factor, eRF1, terminates translation at all three stop codons on
the ribosome. In nature and in the laboratory, stop codons can be
read through with high efficiency by suppressor tRNAs, which
carry mutations in the anticodon to match the stop codons (10).
This approach is widely used to site-specifically insert non-
canonical amino acids into proteins of interest (11, 12). Even in
cells lacking cognate suppressor tRNA, readthrough of stop codons
is still prevalent, albeit at lower rates. A global analysis of translation
termination in Escherichia coli with ribosome profiling reveals that
ribosomes occupy the messenger RNA (mRNA) region following
the stop codons of hundreds of genes (13). Proteomic analyses also
demonstrate that near-cognate aminoacyl-tRNAs are able to read
stop codons (14, 15). For example, glutamine and tryptophan sup-
press UAG and UGA codons, respectively. In addition, readthrough
of stop codons are programmed events in multiple mammalian and
viral genes (16, 17).
Stop-codon readthrough adds an extended amino acid se-

quence to the C terminus and has been shown to be critical for
expression of functional protein variants. For example, read-
through of a UAG stop codon in gag is critical for expression of a
protein variant and assembly of retrovirus (17). Stop-codon

readthrough also yields a functional peroxisomal lactate dehy-
drogenase in mammals (18) and alters protein localization in
fungi and animals (19, 20). Furthermore, targeting readthrough
of premature stop codons has been actively explored as a ther-
apeutic strategy to treat genetic diseases (21, 22). In bacteria,
readthrough of stop codons regulates the expression levels of RF2
and amino acid biosynthesis genes (13, 23, 24). Despite these well-
established examples of specific functional readthrough products,
how global stop-codon readthrough alters during environmental
shifts and affects cell fitness remains largely unknown.
We have previously developed dual-fluorescence reporters to

conveniently quantitate stop-codon readthrough levels in the
population and single bacterial cells (15). In a screen for growth
conditions that affect stop-codon readthrough using these re-
porters in E. coli, we have uncovered that excess carbon in media
substantially increases the readthrough levels of UAA, UAG, and
UGA codons. We further show that such an increase depends on a
drop of pH during bacterial growth in excess carbon. Interestingly,
excess carbon and low pH not only increase the average level of
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readthrough, but also enhance its fluctuation among single bac-
terial cells. The individual cells with low and high readthrough
levels are better prepared for distinct stress conditions, suggesting
that the metabolic stress caused by excess carbon promotes het-
erogeneity of stop-codon readthrough and phenotypic diversity.

Results
Excess Carbon Promotes Stop-Codon Readthrough. To date, little is
known about how environmental factors affect stop-codon read-
through. To address this question, we used our previously devel-
oped dual-fluorescence reporter system (15) to screen the UGA
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Fig. 1. Excess carbon increases the level of stop-codon readthrough. E. coli cells were grown in LB or LB with 1% glucose for 24 h before testing. (A) Dual-
fluorescence reporters were used to determine the levels of stop-codon readthrough and frameshift as described previously (15). Fluorescence was quantitated
with a plate reader. (B) Western blotting of cell extracts from MG1655 or rpsD* carrying the mCherry-TGA-YFP reporter using an antibody against mCherry.
Readthrough of the UGA codon followingmCherry yielded the mCherry-YFP fusion protein. (C) An in-frame YFP tag was inserted immediately after the first TGA
codon of the native cspC gene (CspC-TGA-YFP-1) or before the second stop codon (CspC-TGA-YFP-2) in E. coli MG1655. The nucleotide sequence of the 3′-end of
the cspC gene is shown. Red letters indicate the first and second stop codons. Western blotting shows that readthrough of the cspC UGA codon significantly
increased after addition of glucose. Another chromosomal constitutively expressed protein, RpoB, was used as a loading control during Western blotting. (D)
Label-free quantitative mass spectrometry analysis of UGA readthrough in the dual-fluorescence reporter protein (mCherry-TGA-YFP) or the native RpsG protein.
Extracted ion chromatograms (XIC) for the reporter peptides are shown from MG1655 and rpsD* grown in LB glucose. “W” marks the UGA readthrough site in
the peptide. XIC peak area analysis is shown. Error bars represent one SD (n ≥ 3). P values were determined using unpaired t test. *P < 0.05; **P < 0.01.
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readthrough level of wild-type (WT) E. coli (MG1655) grown in
various media (SI Appendix, Fig. S1). Previous studies have indi-
cated that carbon starvation increases the level of stop-codon
readthrough (25), although the underlying mechanism remains
unclear. Unexpectedly, we found that adding extra carbon sources
(e.g., glucose) into the rich medium Luria–Bertani broth (LB) also
significantly increased the level of UGA readthrough (SI Appen-
dix, Fig. S1). We next tested the effect of excess glucose on stop-
codon readthrough and frameshift in both the WT and error-prone
(rpsD*) strains. The rpsD* strain carries an I199N mutation in the
ribosomal small subunit rpsD gene and displays increased errors
during ribosomal decoding (26, 27). Addition of 1% glucose in LB
increased the level of UGA and UAA readthrough three- to seven-
fold in both MG1655 and rpsD* (Fig. 1A). Although UAG read-
through is not detected with the dual-fluorescence reporter in
MG1655, excess glucose clearly increased UAG readthrough in the
rpsD* mutant. In contrast, little change was observed for frameshift
upon addition of glucose, suggesting that the effect of excess carbon
on ribosomal fidelity is specific for stop-codon readthrough.
To validate the results of fluorescence assays, we tested read-

through of the reporter and native proteins using both Western
blotting and quantitative mass spectrometry. Using an antibody
against mCherry, we detected the full-length readthrough product
of the mCherry-TGA-YFP (yellow fluorescence protein) reporter
(Fig. 1B). The quantitative result of the readthrough level with and
without glucose by Western blotting was very consistent with the
dual-fluorescence assay (Fig. 1 A and B). We further inserted a yfp
gene at the 3′ untranslated region downstream of the native UGA
stop codon of cspC and found with Western blotting that addition
of glucose increased readthrough of the cspC UGA codon by
three-fold (Fig. 1C). Next, we performed label-free quantitative
mass spectrometry of the total proteins extracted from MG1655
and rpsD* grown in LB glucose. Peptides resulting from read-
through in the mCherry-TGA-YFP reporter as well as native
proteins were identified (Fig. 1D and SI Appendix, Table S1 and
Dataset S1). Compared with the proteomes of the same strains
grown in LB (15), the abundance of readthrough products in-
creased in the presence of glucose as indicated by the peak area

(SI Appendix, Fig. S2). This further confirmed our results observed
with fluorescence assays.

Increased UGA Readthrough in the Presence of Glucose Depends on
the Phosphotransferase System. In E. coli, uptake of glucose into
cells primarily relies on the phosphotransferase (PTS) system (28).
We found that deleting the PTS transporter (ptsG) abolished the
effect of glucose on increasing UGA readthrough (SI Appendix,
Fig. S3), suggesting that such an increase depends on glucose
uptake. Glucose PTS is involved in catabolite repression of other
sugars as well as network regulation through the cAMP/CRP
(cAMP receptor protein) pathway (28). Deleting the adenylate
cyclase (producing cAMP) gene cyaA or crp did not prevent
glucose-induced UGA readthrough (SI Appendix, Fig. S3). These
results suggest that excess glucose likely promotes stop-codon
readthrough by altering metabolism, rather than by perturbing
regulation of the cAMP/CRP pathway.

Glucose Stimulates Expression of RF2 Protein.Readthrough of UGA
codon is directly affected by the competition between RF2 and the
EF-Tu:Trp-tRNATrp:GTP complex. Using acidic gel Northern
blotting, we found that the level of Trp-tRNATrp was not signifi-
cantly altered in LB glucose compared with LB (SI Appendix, Fig.
S4 A and B). This is in contrast to an increased Trp-tRNATrp level
in the presence of the ribosomal inhibitor chloramphenicol, sug-
gesting that, unlike chloramphenicol treatment, addition of glu-
cose does not increase UGA readthrough via inhibiting protein
synthesis and activating the feedback loop to produce more ri-
bosomal RNAs and tRNAs (15). We also used Western blotting to
determine the relative abundance of EF-Tu and RF2. Due to the
lack of an efficient antibody against RF2, we used an MG1655-
derived strain with a FLAG tag inserted at the C terminus of RF2
in the chromosome (15). Our result revealed that, whereas the
level of EF-Tu remained the same upon glucose addition, the
protein level of RF2 increased three-fold in LB glucose compared
with LB (SI Appendix, Fig. S4 C and D). The increase in RF2
protein level was not due to an increase in prfB mRNA or protein
stability (SI Appendix, Fig. S4 E and F). It is known that translation
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Fig. 2. Excess carbon increases UGA readthrough by lowering pH. (A) E. coli cells carrying the mCherry-TGA-YFP reporter were grown in LB or LB with 1%
glucose. At 6, 10, and 24 h, fluorescence was determined using a plate reader, and the UGA readthrough levels were calculated. Error bars represent one SD
(n ≥ 3). (B) Growth curve of E. coli in LB or LB with 1% glucose. A pH shift from 7.5 to 5.5 was observed at 5 h in the LB glucose media. Excess glucose caused
growth arrest at 7 h, correlating with a substantial increase in the UGA readthrough level. (C) E. coliMG1655 was grown in buffered LB or LB glucose for 24 h,
and the UGA readthrough level was determined as in A. The pH of the media was determined at 24 h. (D) Mathematical modeling of the pH effect on UGA
readthrough. R stands for release factor (RF2); the near-cognate aminoacyl-tRNA (t) is the wrong substrate that suppresses UGA; PR is the hydrolyzed peptide,
and Pt represents the elongated peptide. Modeling results suggest that when pH drops to below 6, the UGA readthrough error substantially increases. The
kinetic parameters used for modeling are from references (33, 34). See SI Appendix for details of modeling.
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of RF2 is self-regulated with a negative feedback loop. The prfB
gene (encoding RF2) contains a CUU_UGA +1 frameshifting
codon, and reducing the RF2 activity and/or level promotes
frameshift and translation of RF2 (23, 29). To test the frequency
of prfB frameshift, we inserted its frameshifting site between
mCherry and YFP. The result shows that addition of glucose in-
creases the prfB frameshift level (SI Appendix, Fig. S4G). An in-
crease in RF2 protein level without reducing its activity is expected
to decrease UGA readthrough, in contrast to the increase in
readthrough that we observed (Fig. 1). Therefore, our data suggest
that increased UGA readthrough in LB glucose is likely due to
reduced RF2 activity, which in turn enhances translation and
production of RF2 protein.

Glucose Increases UGA Readthrough by Reducing pH. Bacteria growing
in excess glucose often produce acidic metabolic products, such as
acetate (30). Previous in vitro biochemical analyses have shown that
reducing pH impairs the hydrolytic activity of both class I release
factors (RF1 and RF2) on the ribosome (31–33), prompting us to
hypothesize that increased stop-codon readthrough in the presence
of glucose is due to a lower pH. Indeed, we observed that E. coli
cultures grown in LB with 1% glucose reduced the pH to below 5 in
mid- to late-log phase (Fig. 2 and SI Appendix, Fig. S1B). In con-
trast, cultures in LB and M9 with glucose remained neutral (SI
Appendix, Fig. S1B). We also found that the intracellular pH of
E. coli grown in LB + glucose was acidic, whereas cells grown in LB
exhibited neutral pH (SI Appendix, Fig. S1C). Consistently, the
substantial increase in UGA readthrough in LB glucose occurred in
the stationary phase following the pH shift (Fig. 2A). We further
adjusted the pH of LB and LB glucose media and found that in-
creasing pH in LB glucose decreased UGA readthrough; reducing
pH in LB conversely increased UGA readthrough (Fig. 2C and SI
Appendix, Fig. S1D). Further mathematical modeling using pub-
lished in vitro kinetic data revealed that reduction of pH to below 6,
as observed in the presence of excess glucose, substantially increases
the level of UGA readthrough (SI Appendix, Table S2 and Fig. 2D).

Excess Glucose and Low pH Promote Fluctuation of UGA Readthrough
among Single Cells. The dual-fluorescence reporter allows us to
visualize and quantitate UGA readthrough in individual cells (15).

Using fluorescence microscopy, we observed that the average YFP
intensity resulting from UGA readthrough was much higher in
cells grown in LB glucose compared to LB (Fig. 3A). Flow
cytometry of single cells revealed the same trend (SI Appendix,
Fig. S5). Such single-cell results were consistent with the pop-
ulation experiments (Fig. 1). Interestingly, the UGA readthrough
level (calculated by the ratio of YFP/mCherry) appears to dis-
tribute more widely among single cells grown in LB glucose than
those grown in LB (Fig. 3 B and C and SI Appendix, Fig. S5).
Heterogeneity of gene expression is typically described by coeffi-
cient of variation (CV), which is calculated as the ratio of the SD
(σ) over the mean (μ), or noise (σ2/μ2) (35–37). E. coli cells cul-
tured in LB glucose displayed high levels of CV and noise
(Fig. 3 C and D), suggesting that the metabolic stress induced by
glucose promotes heterogeneity of stop-codon readthrough, in
addition to elevating the average readthrough level in the pop-
ulation. Likewise, lowering pH also increased the heterogeneity of
UGA readthrough (SI Appendix, Figs. S5 and S6).

Cells with Different Levels of UGA Readthrough Display Phenotypic
Diversity. Phenotypic heterogeneity of genetically identical single
cells in a microbial population plays critical roles in the pop-
ulation’s adaptation to environmental changes (39, 40). To
characterize the phenotypes of individual cells with different
levels of UGA readthrough, we treated E. coli cells grown in LB
glucose with an acid stress (pH 3) or an aminoglycoside antibi-
otic streptomycin (Str) for 30 min and monitored recovery of
growth with time-lapse microscopy. Cells with high levels of
UGA readthrough recovered growth better than cells with low
readthrough following treatment with low pH (Fig. 4 and Movie
S1). However, Str treatment resulted in the opposite trend:
i.e., cells with high readthrough appeared to be more sensitive to
this antibiotic (SI Appendix, Fig. S7 and Movie S2). A flow
cytometry experiment further confirmed that the brief treatment
with low pH or Str did not alter the average level or fluctuation
of UGA readthrough in cells grown in LB glucose (SI Appendix,
Fig. S8). These results support a bet-hedging mechanism
whereby cells with different levels of stop-codon readthrough are
prepared for challenges from distinct stress conditions.

LB LB+glucose

mCherry

YFP

5 μm 5 μm

5 μm 5 μm

A B D

C E

Fig. 3. Excess carbon increases the heterogeneity of UGA readthrough among single cells. E. coli cells carrying the mCherry-TGA-YFP reporter were grown in
LB or LB with 1% glucose for 24 h and imaged with fluorescence microscopy. Fluorescence levels in single cells were quantitated with Microbe Tracker (38). (A)
Fluorescence of mCherry and YFP. (B and C) Distribution of cells based on the relative level of UGA readthrough (YFP/mCherry). Note the difference in the
scale of the x-axis in B and C. Cells grown in LB glucose showed a wider distribution than those grown in LB. (D and E) Excess glucose increased the CV and
noise of UGA readthrough among single cells. σ, SD of YFP/mCherry; μ, mean of YFP/mCherry among individual cells. Error bars represent one SD (n ≥ 3). P
values were determined using unpaired t test. **P < 0.01.
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Discussion
The impact of environmental stresses on stop-codon readthrough is
poorly understood. Previous studies show that carbon starvation
induces stop-codon readthrough in E. coli, which in turn destabi-
lizes the proteome and enhances protein oxidation (25). Our work
here shows that, surprisingly, excess carbon promotes readthrough
of stop codons (Fig. 1 and SI Appendix, Fig. S1). Whereas labo-
ratory media often contain a single carbon source (e.g., amino acids
in LB), the carbon sources in natural environments are much more
complex. For example, gut microbiota are frequently feasted with
excess carbon sources including carbohydrates, proteins, and lipids
(41). Excess carbon in bacteria causes an overflow of metabolism and
accumulation of metabolic intermediates, such as acetate (30, 42).
This leads to a metabolic stress that may inhibit bacterial growth. We
demonstrate that excess glucose enhances stop-codon readthrough
by lowering pH (Fig. 2), consistent with previous in vitro kinetic
studies showing that low pH reduces the catalytic activity of both
release factors 1 and 2 (31–33). In contrast, availability of different
carbon sources has been shown to alter the frequency of pro-
grammed frameshift via activation of several kinases in yeast (43).
With the advancement of single-cell technologies, it has be-

come increasingly clear that not all cells in a genetically identical
population exhibit the same phenotypes (39, 44, 45). Such phe-
notypic heterogeneity allows individual cells to divide labor or
bet-hedge against unpredictable environmental shifts (39, 46).
One well-studied example of bet-hedging is bacterial persistence,
in which a small fraction of dormant cells are capable of sur-
viving high doses of bactericidal antibiotics for a long period of
time (47). Phenotypic heterogeneity may arise from stochastic
gene expression or fluctuation in the microenvironments (37, 39,
48–52). How heterogeneity of protein synthesis contributes to
phenotypic diversity remains poorly understood. We and others
have previously developed dual-fluorescence reporters to visualize
and quantitate translational errors, including missense incorpo-
ration (53), frameshift (15, 54), and stop-codon readthrough (15,
54), in the population and in single cells. Using such reporters, we
show that excess carbon and low pH not only increase the average
level of readthrough, but also enhance its heterogeneity among
single cells (SI Appendix, Figs. S3, S5, and S6). Our previous work
suggests that the UGA readthrough level in E. coli cells grown in
LB is not sensitive to fluctuation in the RF2 level, presumably due to
the relatively high level and activity (15, 55). However, excess carbon
and low pH compromise the activity of RF2, which may render cells
more sensitive to the stochastic variation of the RF2 level, resulting in
a larger noise for UGA readthrough among single cells.
Individual cells grown in excess carbon with different levels of

UGA readthrough appear to vary in phenotypes (SI Appendix,

Figs. S4 and S7, and Movies S1 and S2). Cells with higher UGA
readthrough recover faster following treatment with an acid stress
(Fig. 4) yet are more sensitive to treatment with streptomycin. The
underlying molecular mechanisms remain unclear. Increased trans-
lational errors lead to a higher level of RpoS, the key regulator of the
general stress response that protects bacteria against a number of
environmental stresses, including the acid stress (27, 56, 57). It is
tempting to speculate that individual cells with high readthrough may
have a more robust general stress response to enhance acid resis-
tance. On the other hand, streptomycin is an aminoglycoside anti-
biotic and causes cell death by promoting mistranslation (58, 59).
Cells with high readthrough may have already accumulated an ele-
vated level of misfolded proteins and are thus more sensitive to
further mistranslation and aggregation of proteins caused by Str (60).
Our results therefore highlight previously unknown connections be-
tween translational heterogeneity and phenotypic diversity. Further
studies to expand the phenotypes and elucidate the underlying mo-
lecular mechanisms are warranted in the future.

Methods
Strains, Plasmids, and General Methods. E. coli K-12 strain MG1655 was used
as the wild-type strain in this study, and the error-prone strain rpsD* was con-
structed as described before (27). The pZ vector (61) carrying the pSC101* rep-
lication origin (three to four copies per cell) and a constitutive promoter PLtetO-1
were used for expression of fluorescent reporters as previously described (15).

Unless otherwise noted, E. coli strains were grown in LB with or without
1% glucose at 37 °C. The minimal medium contains 47.8 mM Na2PO4,
22.0 mM KH2PO4, 8.6 mM NaCl, 18.7 mM NH4Cl, 4 mMMgSO4, 0.2 mM CaCl2,
and 1% carbon source.

Western Blotting and Acidic Gel Northern Blotting. Western blotting and acid
urea gel Northern blotting were performed according to procedures previ-
ously described (15).

Fluorescence Microscopy Image Acquisition and Analysis. Fluorescence microscopy
and analysis were performed as described (15) using Olympus IX81-ZDC inverted
microscope and MicrobeTracker (38), a MATLAB-based software package.

Time-Lapse Microscopy. Overnight cultures were diluted 1:100 in LB or LB
glucose and grown for 24 h at 37 °C. Cultures were placed on a 120-μL 1%
agarose LB pad. Microscopy was performed using BZ-X800 fluorescence
microscope (Keyence). Fluorescent images were taken at the initial time
point. Cells were followed for 5 to 6 h at room temperature with phase-
contrast images taken at regularly spaced intervals throughout the experi-
ment. Image analysis and editing were performed using BZ-X800 analyzer.

Calculation of CV and Noise. CV was calculated as the SD (σ) divided by the
mean (μ) of the YFP/mCherry ratio of each cell in the same microscopic image
frame. Noise was calculated as the ratio of the variance (σ2) over the square
of the mean (μ2).
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Fig. 4. Single cells with high UGA readthrough tolerate acid stress better. MG1655 cells carrying the mCherry-TGA-YFP reporter were grown in LB with 1% glucose
for 24 h before treatment with LB at pH 3 for 30 min. Cells were then placed on an LB agar pad for time-lapse microscopy. Fluorescence imaging was taken at time
0. (A) Microscopy images showing individual cells with fluorescence (Top) and phase contrast (Bottom). Cells with high and low UGA readthrough are indicated by
yellow and red circles. The numbers in the blue boxes indicate the time in hours and minutes. Note that the cells with low readthrough in these images did not
divide or divided after 3 h. (B) Percentage of nondivided cells at 3 h in high and low readthrough groups. The P value was determined using the χ2 test (n = 221).
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Flow Cytometry. E. coli cells grown in LB or LB glucose for 24 h were diluted in
phosphate buffer containing 25 μg/mL chloramphenicol and subjected to flow
cytometry analysis using BD FACSCanto II according to standard procedures.

Protein Preparation and Proteomics. Protein preparation and proteomics were
performed as described previously (15), except that cells were grown in LBwith
1% glucose for 24 h.

Data Availability. All study data discussed in the paper are available in the
main text and SI Appendix.
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