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Abstract 

Tuberculosis (TB) is a deadly infectious disease caused by Mycobacterium tuberculosis (Mtb). It 

primarily affects the lungs and has a 50% survival rate if left untreated. Treatment is difficult, 

costly, and can last up to six months, and drug resistance is a growing concern. The bacterium 

enters the body through inhalation and survives in the lungs inside a granuloma. In this 

environment, M. tuberculosis can slow its growth, become drug tolerant, and develop drug 

resistance. Altered gene expression is a key part of this slowed growth, but little is known about 

the mechanisms involved. Synonymous codon usage and adjacent codon context have emerged 

as important factors influencing gene expression. The focus of this study was to determine 

whether codon content and context have a causal effect on mRNA degradation rate and 

translation efficiency in the model mycobacterium Mycolicibacterium smegmatis. Through 

machine learning analysis, the arginine CGC (ArgCGC) codon was associated with decreased 

transcript stability in M. smegmatis. To investigate this relationship further, the ArgCGC codon, 

synonymous arginine codons, and frameshift codons with the same nucleotide content were each 

integrated into the Mycolicibacterium smegmatis chromosome in a series of four, as translational 

fusions to a gene encoding yellow fluorescent protein (YFP). Quantitative PCR (qPCR) was 

conducted on the various strains to determine the codon inserts’ impact on mRNA abundance, 

and flow cytometry was used to determine the impact on protein abundance. Translation 

efficiency of the ArgCGC codon appears to be dependent on codon position relative to 

translation initiation and codon context. Overall, codons show a strong effect on translation 

efficiency in mycobacteria. 
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Introduction 

Tuberculosis (TB) is an infectious, airborne disease primarily affecting the lungs and is 

caused by the pathogenic bacillus Mycobacterium tuberculosis (Mtb). Tuberculosis is incredibly 

deadly; prior to the COVID-19 pandemic, TB was the leading cause of death globally by a single 

infectious agent with an estimated 1.5 million deaths each year (World Health Organization, 

2022). The COVID pandemic worsened outcomes for those with TB, as less cases were reported 

and drug access was limited (World Health Organization, 2022). Untreated TB has only a 50% 

survival rate, and treatment of this disease is difficult and costly even in countries of high 

socioeconomic status (World Health Organization, 2022). The current treatment regimen 

includes four to six months of multi-drug therapy. This timeline may be extended if the case 

becomes resistant to the antibiotics used to treat it. Likelihood of resistance increases if patients 

do not complete their full treatment course, are not provided the correct dosage or type of 

treatment, or if the drugs administered are not of good quality (Centers for Disease Control and 

Prevention, 2022). Multidrug-resistant (MDR) TB is considered a global health crisis and is 

defined by the Centers for Disease Control and Prevention (CDC) as a case in which the M. 

tuberculosis bacteria is resistant to two of the most important first-line drugs, isoniazid and 

rifampin. Deeper understanding of the pathophysiology of M. tuberculosis infection and drug 

resistance is necessary to improve patient outcomes. 

Mtb enters the body through the inhalation of contaminated aerosols which deposit in the 

lower respiratory tract. In the lungs, the host immune system responds to the infection by 

encasing the bacteria in macrophages and other immune cells, forming a granuloma (Samuels et 

al., 2022). Researchers have found that the bacteria actively recruit these immune cells, 

indicating a possible evolutionary benefit to granuloma encasement (Volkman et al., 2010). 

Inside the granuloma, the bacteria encounter stress conditions that challenge Mtb survival 

(Samuels et al., 2022). Despite these conditions, the granuloma provides a niche environment for 

Mtb to survive, adapt, and evade host immune functions. Conditions encountered in the 

granuloma such as hypoxia, nutrient depravation, phagosome acidification, and presence of 

reactive oxygen or nitrogen species cause changes to metabolic flux and result in slowed Mtb 

growth (Samuels et al., 2022). In its slowed growth state Mtb can survive, become drug tolerant, 

and develop specific drug resistance . In addition to changes in metabolic flux, less understood 
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alterations in gene expression are observed in slowed Mtb growth (Reviewed in: Connolly et al., 

2007).  

Mycobacterial gene expression can be altered at several steps including transcription, 

post-transcriptional modification, mRNA degradation, translation, and protein degradation. 

There is lots of study surrounding what regulates transcription in mycobacteria (Park et al., 2003, 

Lin et al., 2017, Schnappinger et al., 2003); however, less is known about degradation and 

translation rates during infection and in infection-relevant stress conditions. When Mtb 

encounters stress conditions and enters these less metabolically active states, less protein is 

produced. This could be caused by direct changes to translation, changes in transcription and 

transcript degradation, or a combination of these factors. In non-growing mycobacteria, there is 

an observed global increase in mRNA stability (Rustad et al., 2013, Vargas-Blanco et al., 2019, 

Smeulders et al., 1999). Increasing mRNA half-life seems to be energetically favorable under 

these conditions (Vargas-Blanco et al., 2019). Other bacteria show similar behaviors. E. coli 

slows its mRNA turnover in hypoxic conditions (Georgellis et al., 1993) as well as during 

periods of starvation and non-growing phases (Esquerré et al., 2015, Chen et al., 2015). The 

underlying factors and mechanisms involved in slowed Mtb mRNA turnover and translation 

under physiological stress conditions remain to be thoroughly investigated.  

Studies in yeast revealed mRNA stability is influenced by secondary structure, sequence, 

5’ and 3’ UTRs, and transcript length (Parker, 2012; Neymotin et al., 2016; Cheng et al., 2017). 

In bacteria mRNA stability can be further impacted by alterations to the degradosome (Bernstein 

et al., 2004; Kido et al., 1996; Ow et al., 2000), RNase cleavage preferences (Khemici et al., 

2015; Shahbabian et al., 2009; Martini et al., 2019), subcellular compartmentalization (Khemici 

et al., 2015; Moffitt et al., 2016), 5’ capping (Chen et al., 2009; Luciano et al., 2019), and 

association with regulatory proteins and sRNAs (Braun et al., 1998; Richards & Belasco, 2019).  

There is a proven relationship between translation and mRNA degradation. Ribosomal 

association with a transcript, at several stages of translation, along with interactions with cis-

regulatory elements strongly influence transcript stability. Bacterial mRNA half-lives can vary 

greatly from just seconds to well over an hour (Deana & Belasco, 2005). In E. coli, mRNA decay 

begins with endonucleolytic cleavage by RNase E or another RNase species. 3' exonucleases 

then attack the unprotected 3' end. The ribosomal binding site (RBS) (Jürgen et al., 1998; 
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Wagner et al., 1994) and 5' stem loop (Bricker & Belasco, 1999; Sa et al., 1992), both features of 

the 5' UTR, are key factors involved in transcript stability.  

Further research suggests codon content may be an important factor impacting both 

mRNA stability and translation efficiency (Hanson & Coller, 2018).  The redundant nature of the 

genetic code allows for 20 amino acids to be encoded by 61 different RNA triplets. Synonymous 

codon changes, those in which the same amino acid is encoded from different RNA sequences, 

have proven to confer important phenotypic changes. In Bacillus subtilis for example, one 

synonymous serine alteration allows the bacteria to form biofilms (Subramaniam et al., 2013). 

Codon usage in mycobacteria is influenced by additional factors such as high GC content (Cole 

et al., 1998), gene and amino acid conservation, and hydrophobicity (de Miranda, 2000).  

Mutations in the Shine-Dalgarno (SD) ribosome binding site that weaken binding are 

shown to destabilize mRNA in Bacillus subtilis (Sharp & Bechhofer, 2003; Jürgen et al., 1998; 

Hambraeus et al., 2002). Beyond mutations, competitive binding to the RBS by regulatory 

proteins (Večerek et al., 2005), sRNA binding to or near the RBS (Gottesman, 2004), and the 

presence of a premature termination codon (Nilsson et al., 1987; Arnold et al., 1998; Braun et al., 

1998) are all shown to decrease mRNA half-life. Ribosomal pausing can either stabilize or 

destabilize the transcript (Li et al., 2012; Deana & Belasco, 2005), with the latter thought to be 

caused by either a proline codon followed by a stop codon or clusters of rare codons within the 

coding sequence (Sunohara et al., 2004). Impaired translation appears to cause accelerated 

mRNA degradation possibly as a mechanism to limit the use of poorly or incorrectly translated 

mRNAs as templates for new proteins (Deana & Belasco, 2005).  

Many studies have investigated the influence of codon content on translation efficiency. 

These studies are complicated by alterations that yield changes not only to the sequence but also 

features like tRNA usage, mRNA secondary structure, nucleotide content, and global codon 

usage (Boël et al., 2016). Deciphering the influence of these individual features reveals that 

codon content may be strongly correlated to protein expression (Boël et al., 2016; Tuller et al., 

2010) and seemingly “silent” mutations can have an impact on translation speed (Chevance et 

al., 2014). Studies in yeast found that “optimal” codons were translated efficiently, increased 

mRNA half-lives, and were linked to highly abundant protein products (Carneiro, 2019, 

Presnyak, 2015). Similarly, another study showed that codon-optimized gene transcripts 
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increased both protein and mRNA concentrations in E. coli, suggesting that codon content plays 

a role in translation and its influence on mRNA stability (Boël et al., 2016).  

Location within the transcript seems to determine which transcript features most 

influence translation efficiency. A study in E. coli revealed that rare codon usage at the N-

terminus of bacterial transcripts correlated with increased protein expression due to reduced 

mRNA folding (Goodman et al., 2013). When researchers introduced synonymous changes to N-

terminal codons there was an average 60-fold difference in protein abundance between the 

highest-expressing and lowest-expressing variants. There was a 14-fold increase in expression 

when rare codons, associated with reduced mRNA structure, were introduced as compared to 

commonly used codons. This was found to be due to rare codons being more A/U rich. In 

another study features like mRNA folding and individual codons were shown to influence 

translation most strongly within the first eighteen nucleotides, or the head, of the transcript (Boël 

et al., 2016). In the tail, overall codon content was the most influential in determining expression. 

Several studies in both prokaryotic and eukaryotic systems have demonstrated that reduced 

secondary structure at the ribosome binding site (RBS) generally caused higher protein 

expression, supporting the idea that initiation is the rate-limiting step for translation (Boël et al., 

2016; Kudla et al., 2009; Bentele et al., 2013; Ingolia et al., 2009).  

Specific codons can also impact the rate of translation across the genome. Codons 

decoded by wobble base pairing with a non-cognate tRNA greatly correlate to decreased 

expression (Boël et al., 2016), and slower translation (Spencer et al., 2012) particularly when 

grouped together in the transcript. These effects were only observed for a specific codon, not 

synonymous sequences, indicating a codon-specific influence rather than an effect of amino acid 

structure. In other cases, amino acid structure seemed influential as charged residues such as 

arginine, glutamine, aspartic acid, and lysine all correlated with greater expression (Boël et al., 

2016). Codons with internal sequence motifs can also impact translation rates. SD-like sequences 

within a coding region have affinity for the anti-SD site on ribosomes, causing ribosomal 

pausing which slows translation speed (Li et al., 2012, Goodman et al., 2013, Chevance et al., 

2014). Li et al. also postulated that because ribosomal pausing also reduces the number of free 

ribosomes able to initiate translation, widespread SD-like sequences in coding regions may slow 

bacterial growth rates. This could be particularly interesting to study in Mtb, which displays 

slowed growth in vivo. 
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Codon context, or neighboring codons, also affects translation rate in bacteria. By 1980, 

there was evidence to support the impact of transcript mutations on translation efficiency of an 

adjacent codon (Bossi & Roth, 1980). A more recent study measured translation speed 

independent of transcript or protein product stability (Chevance et al., 2014), using a histidine 

operon transcription attenuation feature (Johnston et al., 1980) and lac operon reporter. They 

used this system to study the impact of codon context 5’ and 3’ to the UCA codon which is only 

read by a single tRNA species and does not have affinity to the anti-SD site. They observed 

significant de-attenuation, a result of efficient translation, and β-galactosidase expression for 21 

out of 64 codon pairs placed 5’ or 3’ to the UCA codon, confirming the importance of codon 

context on translation (Chevance et al., 2014). There is little research on the impact of codon 

context on translational efficiency in Mtb. 

In this study, we sought to determine whether codon content and context have a causal 

effect on mRNA degradation rate and translation efficiency in Mycolicibacterium smegmatis, a 

model organism for Mycobacterium tuberculosis. Our lab has used machine learning to 

determine which features of endogenous M. smegmatis mRNA transcripts can predict 

degradation rates. Abundance of certain codons was found to be higher in fast-degrading genes 

and lower in slow-degrading genes. This corroborates that codon content may be impactful in 

mRNA stability in mycobacteria. The specific codon of interest in this study is arginine CGC 

(ArgCGC), which correlated with less stability. It is hypothesized that the ArgCGC codon is 

translated inefficiently due to wobble base pairing leading to faster mRNA degradation. To 

investigate this relationship further, the ArgCGC codon, synonymous arginine codons, and 

frameshift codons with the same nucleotide content were each integrated into the M. smegmatis 

chromosome in a series of four as translational fusions to a gene encoding yellow fluorescent 

protein (yfp). Quantitative PCR (qPCR) was conducted on the various strains to determine the 

codon inserts’ impact on mRNA abundance, and flow cytometry was used to determine the 

impact on protein abundance. Translation efficiency of the ArgCGC codon appears to be 

dependent on codon position relative to translation initiation and codon context. Overall, codons 

have a strong effect on translation efficiency in mycobacteria. 
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Materials and Methods 

Plasmid Design and Construction  

Plasmid pSS303 (Nguyen et al., 2020), which uses the pMyc-1-tetO promoter and associated 5’ 

UTR to encode YFP with a C-terminal His tag, was used as a template for the insertion of a first 

set of test sequences which included a FLAG tag (DYKDDDDK) and codon sequence of interest 

as an N-terminal fusion to YFP. These FLAG-containing insertions into pSS303 created pSS504 

(FLAG only) and pSS517-pSS522 (Table 1) where test sequences were inserted at amino acid 

residues 10 through 13, relative to translation initiation. Plasmid pSS359 (Nguyen et al., 2020) 

was used as a template for the insertion of a second set of codon test sequences, which were 

inserted into the plasmid’s 54 nucleotide sigA coding sequence beginning at nucleotide 52. 

ValineGUG (V) and SerineUCG (S) were chosen to flank the test codons due to their abundant 

use in mycobacteria (de Miranda et al., 2000) as well as their hydrophobicity and neutral charge, 

respectively. In these SigA-containing constructs the test sequences are located at amino acid 

residues 20 through 23, relative to translation initiation. This changed the codon context as 

compared to the FLAG-containing constructs, while maintaining uniform context that should not 

lead to lower translation efficiency within the SigA-containing constructs. SigA-containing 

constructs made plasmids pSS721-pSS725 and pSS730 (Table 2). Each of these plasmids 

contained HygR, a gene conferring genetic resistance to Hygromycin B. All of the plasmids 

integrated into the Giles site. Tables 3 and 4 show primers used for plasmid construction and 

verification of correct integration. 
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Table 1. M. smegmatis Strains, Plasmids, and Descriptions: FLAG-Containing Constructs 

Strain Plasmid Plasmid Description  

SS-M_0947, 0948, 

0949  

pSS504 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

yfp  

SS-M_0950, 0965, 

0966 

pSS517 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

4x AlaGCC+ yfp  

SS-M_0951, 0952, 

0967 

pSS518 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

4x ArgCGC+ yfp  

SS_M_0953, 0954, 

0955 

pSS519 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

4x ArgCGG+ yfp  

SS-M_0956, 0957, 

0958 

pSS520 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

4x ArgCGT+ yfp  

SS-M_0959, 0960, 

0961 

pSS521 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

4x GlyGGC+ yfp  

SS-M_0962, 0963, 

0964 

pSS522 Pmyc1 tetO promoter + Pymc1 5’ UTR + 1x 5' Flag tag + 

4x ProCCG+ yfp  

This table outlines the M. smegmatis strain number along with the corresponding plasmid identification number and 

description for inserts in the plasmids. yfp indicates the gene encoding yellow fluorescent protein.  
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Table 2. M. smegmatis Strains, Plasmids, and Descriptions: SigA-Containing Constructs 

Strain Plasmid Plasmid Description 

SS-M_1391, 1392, 

1393  

pSS721 Pmyc1 tetO promoter + Pmyc1 5′ UTR+ first 54 nt of sigA+ 

VVSS +yfp 

SS-M_1394, 1395, 

1396 

pSS722 Pmyc1 tetO promoter + Pmyc1 5′ UTR+ first 54 nt of sigA+ 

VV+ 4x AlaGCC+SS +yfp 

SS-M_1397, 1398, 

1399 

pSS723 Pmyc1 tetO promoter + Pmyc1 5′ UTR+ first 54 nt of sigA+ 

VV+ 4x ArgCGC+SS +yfp+ HygR 

SS-M_1400, 1401, 

1402 

pSS724 Pmyc1 tetO promoter + Pmyc1 5′ UTR+ first 54 nt of sigA+ 

VV+ 4x ArgCGG+SS +yfp 

SS-M_1403, 1404, 

1405 

pSS725 Pmyc1 tetO promoter + Pmyc1 5′ UTR+ first 54 nt of sigA+ 

VV+ 4x GlyGGC+SS +yfp 

SS-M_1406,1407, 

1408 

pSS730 Pmyc1 tetO promoter + Pmyc1 5′ UTR+ first 54 nt of sigA+ 

VV+ 4x ProCCG+SS +yfp 

This table outlines the M. smegmatis strain number along with the appropriate plasmid insertion number and 

description for inserts into the pSS359 backbone. sigA indicates the gene encoding sigma factor A. VVSS indicates 

valine (GTGGTG) and serine (TCGTCG) control insert, which flanks either side of the test codon. yfp indicates the 

gene encoding yellow fluorescent protein. 
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Table 3. Plasmids and Primers for Amplification, Integration Verification, and Sequencing  

Plasmid Primers for 

Adding Test 

Sequences 

Primers for Verifying Plasmid 

Integration 

Primers for Sequencing 

pSS504 SSS2225, 

SSS2226 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS517 SSS2227, 

SSS2228 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS518 SSS2229, 

SSS2230 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS519 SSS2231, 

SSS2232 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS520 SSS2233, 

SSS2234 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS521 SSS2235, 

SSS2236 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS522 SS2237, 

SSS2238 

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1994 F, 

SSS834 R 

pSS721 SSS3102, 

SSS3103  

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1412 F,  

SSS834 R 

pSS722 SSS3130, 

SSS3131  

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1412 F,  

SSS834 R 

pSS723 SSS3132, 

SSS3133  

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1412 F,  

SSS834 R 

pSS724 SSS3134, 

SSS3135  

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1412 F,  

SSS834 R 

pSS725 SSS3138, 

SSS3139  

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1412 F,  

SSS834 R 

pSS730 SSS3156, 

SSS3157  

Right Junction: SSS1172 F, 1174 R 

Left Junction: SSS1173 F, 1174 R 

SSS1412 F,  

SSS834 R 

This table outlines the plasmids and their corresponding primers used for insert amplification, M. smegmatis 

integration verification, and sequencing in E. coli. 
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Table 4. Primer Descriptions and Sequences 

Primer Description Sequence (5’ → 3’) 

SSS2225 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

yfp and pSS303 

AAGGACGATGACGATAAGGCCA 

GCGATAGCACTGAG 

SSS2226 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

yfp and pSS303 

ATCGTCATCGTCCTTATAGTCCA 

TGATGTATATCTCCTTCTTAAT 

SSS2227 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x AlaGCC+ yfp 

and pSS303 

GCCGCCGCCGCCGCCAGCGA 

TAGCACTGAG 

SSS2228 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x AlaGCC+ yfp 

and pSS303 

GGCGGCGGCGGCCTTATCGT 

CATCGTCCTTATAGTC 

SSS2229 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ArgCGC+ yfp 

and pSS303 

CGCCGCCGCCGCGCCAGCGA 

TAGCACTGAG 

SSS2230 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ArgCGC+ yfp 

and pSS303 

GCGGCGGCGGCGCTTATCGT 

CATCGTCCTTATAGTC 

SSS2231 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ArgCGG+ yfp 

and pSS303 

CGGCGGCGGCGGGCCAGCG 

ATAGCACTGAG 

SSS2232 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ArgCGG+ yfp 

and pSS303 

CCGCCGCCGCCGCTTATCGT 

CATCGTCCTTATAGTC 

SSS2233 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ArgCGT+ yfp 

and pSS303 

CGTCGTCGTCGTGCCAGCGA 

TAGCACTGAG 
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SSS2234 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ArgCGT+ yfp 

and pSS303 

ACGACGACGACGCTTATCGTCATCGTCCTTAT

AGTC 

SSS2235 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x GlyGGC+ yfp 

and pSS303 

GGCGGCGGCGGCGCCAGCGATAGCACTGAG 

SSS2236 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x GlyGGC+ yfp 

and pSS303 

GCCGCCGCCGCCCTTATCGTCATCGTCCTTAT

AGTC 

SS2237 Forward primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ProCCG+ yfp 

and pSS303 

CCGCCGCCGCCGGCCAGCGATAGCACTGAG 

SSS2238 Reverse primer to 

amplify 1x 5' Flag 

tag (Giles site) + 

4x ProCCG+ yfp 

and pSS303 

CGGCGGCGGCGGCTTATCGTCATCGTCCTTAT

AGTC 

SSS3102  Forward primer to 

amplify VVSS and 

pSS359 

GTGGTGTCGTCGGCTGCCAGCGATAGCACTG 

SSS3103 Reverse primer to 

amplify VVSS and 

pSS359 

CGACGACACCACGGTGCGCTTCACCGGCTC 

SSS3130 Forward primer to 

amplify VV 

AlaGCC SS and 

pSS359 

GCCGCCGCCGCCTCGTCGGCTGCCAGCGATA

GCACTG 

SSS3131 Reverse primer to 

amplify VV 

AlaGCC SS and 

pSS359 

GGCGGCGGCGGCCACCACGGTGCGCTTCACC

GGCTC 

SSS3132 Forward primer to 

amplify VV 

ArgCGC SS and 

pSS359 

CGCCGCCGCCGCTCGTCGGCTGCCAGCGATA

GCACTG 

SSS3133 Reverse primer to 

amplify VV 

GCGGCGGCGGCGCACCACGGTGCGCTTCACC

GGCTC 
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ArgCGC SS and 

pSS359 

SSS3134 Forward primer to 

amplify VV 

ArgCGG SS and 

pSS359 

CGGCGGCGGCGGTCGTCGGCTGCCAGCGATA

GCACTG 

SSS3135 Reverse primer to 

amplify VV 

ArgCGG SS and 

pSS359 

CCGCCGCCGCCGCACCACGGTGCGCTTCACC

GGCTC 

SSS3138 Forward primer to 

amplify VV 

GlyGGC SS and 

pSS359 

GGCGGCGGCGGCTCGTCGGCTGCCAGCGATA

GCACTG 

SSS3139 Reverse primer to 

amplify VV 

GlyGGC SS and 

pSS359 

GCCGCCGCCGCCCACCACGGTGCGCTTCACC

GGCTC 

SSS3156 Forward primer to 

amplify VV 

ProCCG SS and 

pSS359 

GCTGCCAGCGATAGCACTG 

SSS3157 Reverse primer to 

amplify VV 

ProCCG SS and 

pSS359 

ATCGCTGGCAGCCGACGACGGCGGCGGCGGC

ACCACGGTGCGCTTCACCGGCTC 

SSS1172 Forward primer for 

checking Giles site 

right junction 

insertion in M. 

smegmatis 

CTCCGAACTCCTCCGAAACC 

SSS1173 Forward primer for 

checking Giles site 

left junction 

insertion in M. 

smegmatis 

ACATATCTGTCGAAGCGCCC 

SSS1174 Reverse primer for 

checking Giles site 

right junction 

insertion in M. 

smegmatis 

TGACGATCAACTCCGCGGGGCCGGGCCA 

SSS1175 Reverse primer for 

checking Giles site 

left junction 

insertion in M. 

smegmatis 

CGGTGGATCCGCGCAACCTG 
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JR273 qPCR primer for 

M. smegmatis sigA 

GACTACACCAAGGGCTACAAG  

JR274 qPCR primer for 

M. smegmatis sigA 

TTGATCACCTCGACCATGTG 

SSS833 Forward qPCR 

primer for YFP 

GATAGCACTGAGAGCCTGTT 

SSS834 Reverse qPCR 

primer for YFP, 

Reverse primer for 

sequencing of 

constructs 

CTGAACTTGTGGCCGTTTAC 

SSS1994 Forward primer for 

sequencing of 

FLAG-containing 

constructs 

TAACTACGTCGACATCGATACTCGCTGGTCC

AGAACTGAT 

SSS1412 Forward primer for 

sequencing of 

SigA-containing 

constructs 

GGAAAAGAGGTCATCCAGGAAGAAATATTG

GATCGTCGGC 

This table provides a list of all of the primers used, their descriptions, and sequences.  

 

Q5 PCR for amplification and insertion 

pSS359 plasmid backbone was diluted to 4.72 ng/μL. For each insert, a separate PCR tube was 

prepared to 50 μL final volume as follows: 22.5 μL ultra-pure water, 10 μL Q5 buffer, 1 μL 10 

μM dNTPs, 2.5 μL primer 1, 2.5 μL primer 2, 1 μL diluted pSS359, and 0.5 μL Q5 polymerase. 

Primers 1 and 2 for each insert are delineated in Table 4. In the thermocycler, the samples were 

1) first brought to 98℃ for 2 minutes, 2) then were at 98℃ for 20 seconds. 3) Samples were 

cooled to 70℃ to anneal the primers for 30 seconds and 4) heated at 72℃ for 3.5 minutes longer 

to elongate the primers. 5) Steps 2 through 4 were repeated 34 times, 6) samples were kept at 

72°C for 5 minutes, and 7) kept at 4°C for storage.  

 

Gel 

100 mL of TAE buffer and 1.00 g of agarose (Apex BioResearch, Catalog No. 20-102QD) were 

mixed and heated in the microwave for 2.5 minutes. After five minutes of cooling, 2.5 μL of 

EtBr was added and the solution was mixed by gently swirling the flask. After another five 

minutes, the gel was poured into the apparatus to solidify. After solidification, the gel was placed 

in a gel electrophoresis apparatus and covered in a TAE buffer. 5 μL of 6x DNA dye was added 
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to each PCR sample and mixed thoroughly. PCR samples were then loaded into the gel along 

with a 1 kb ladder. Gels were run at 140 volts for typically 20 minutes.  

 

DNA extraction and purification  

DNA extraction and purification from gel bands was completed with use of the Zymoclean Gel 

DNA Recovery Kit (Genesee Scientific Catalog No. 11-301). 500 μL of ADB was added to the 

1.5 mL tube with gel band. The tubes were incubated at 55°C for 10 minutes or until gel bands 

were completely dissolved. Melted agarose was transferred to the Zymo spin column and 

centrifuged in a collection tube at max speed for 1 minute. Flowthrough was discarded. 200 μL 

of DNA wash buffer was added to the column and centrifuged at max speed for 30 seconds. 

Flowthrough was discarded and this wash step was repeated twice more. After washing, 8 μL of 

ultra-pure water was pipetted directly on the column and this incubated for five minutes at room 

temperature. The column was placed in a 1.5 mL tube and centrifuged at max speed for one 

minute to elute DNA.  

 

HiFi assembly  

2.5 μL of 2x HiFi DNA Assembly Master Mix (New England Biolabs Catalog No. E2621S) was 

added to 2.5 μL of purified PCR product, typically containing 0.02 to 0.5 pmols of DNA 

fragments. The mixture then was incubated in a thermocycler for 2.5 hours at 50°C, then stored 

at 4°C.  

  

E. coli Transformation and Culture 

HiFi cloning mix from the assembly step above was added to 35 μL of NEB 5-alpha competent 

E. coli cells (New England Biolabs Catalog No. C2987U) and incubated together for 30 minutes 

at 4°C. The mixture was then heat shocked at 42°C for 30 seconds. Tubes were then placed back 

in ice for five minutes. At room temperature, 500 μL of recovery SOC Outgrowth Medium was 

added to the tubes and they were incubated for one hour at 37°C in a shaker at 200 rpm. After 

incubation, the tubes are centrifuged for one minute at 14000 rpm to pellet. Supernatant was 

poured off and the pellet was resuspended in the remaining supernatant. The transformed E. coli 

cells were then plated on LB plates with 200 μg/mL hygromycin B and incubated at 37°C for 24 

hours. After 24 hours, individual colonies were picked from positive control plates and grown in 
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a liquid culture of LB broth and 200 μg/mL hygromycin B. These liquid cultures grew for 24 

hours in a shaker at 37°C. 

 

Plasmid Mini-Prep  

Plasmid mini-preps were completed for E. coli culture of two colonies from each insert using the 

ZR Plasmid Mini-Prep-Classic Kit according to the manufacturer’s instructions (Genesee 

Scientific Catalog No. 11-308AB).  

 

Sequencing 

Sanger sequencing was completed to confirm desired insertion in the E. coli strain.  

 

Bacterial strains and growth conditions 

Mycolicibacterium smegmatis mc2155 constructed strains were grown in Difco Middlebrook 

7H9 medium (BD Catalog No. 271310) with 1x albumin dextrose catalase (ADC), 0.2% 

glycerol, and 0.05% Tween 80. Cultures were shaken at 200 rpm and 37°C to an optical density 

at 600 nm (OD600) between 0.5 to 0.8 at the time of harvest. Cultures grown with 150 μg/mL 

hygromycin B were wrapped in aluminum foil to protect the photosensitive antibiotic. 

 

Transformation by electroporation 

Transformation by electroporation was used to integrate plasmid constructs into the competent 

M. smegmatis mc2155 strain. Following electroporation, cells were suspended in 7H9 media and 

incubated at 37°C, 200 rpm for three hours.  

 

Plating 

Transformed M. smegmatis strains were plated on 7H10 agar (Millipore Middlebrook 7H10 Agar 

Base Catalog No. M0303-500G) plates with 150 ug/mL hygromycin. Plates were incubated for 

96-120 hours at 37°C.  

  

Colony checking PCR 

Individual colonies were picked into 10 μL of water and boiled for 10 minutes at 95°C. 

Individual boiled templates were used in PCR reactions to confirm plasmid integration into the 
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M. smegmatis genome. Master mixes for the right and left integration junctions were made with 

the following volumes correlating to a single 10 μL PCR reaction: 0.5μL DMSO, 0.2μL primer 1 

(10 μM), 0.2 μL primer 2 (10 μM), 0.2 μL dNTPs (10 mM), 1.0 μL Standard Taq Buffer (New 

England Biolabs Catalog No. M0273), 0.05 μL Taq polymerase (New England Biolabs Catalog 

No. M0273), 6.85 μL ultra-pure H2O. For right junction verification, SSS1172 (forward) and 

SSS174 (reverse) were used. For left junction verification, SSS1173 (forward) and SSS1175 

(reverse) were used. 1 μL of boiled template was added to 9 μL of each master mix. The 

thermocycler settings were as follows: 1) 95°C for 4:00 2) 95°C for 0:20 3) 55°C for 0:30 to 

anneal 4) 68°C for 1:00 for elongation 5) go to step 2 35 times 6) 68°C for 5:00 7) 4°C forever. 

PCR products were visualized on a 1% agarose gel with right junction products expected to be 

387 base pairs (bp) and left junction products to be 582 bp.  

 

Fluorescence Microscopy 

Sample cultures, including SS-M_0486 (positive control) and SS-M_0497 (negative control), 

were grown and normalized to 0.6 OD. Slides were prepared by first pipetting about 50 μL of 

melted agarose onto each slide. 5 μL of each culture was then pipetted onto the agar of its 

respective slide and the coverslip was placed on top. Images were taken using fluorescence 

microscopy (Zeiss ApoTome Imager.Z1). White light normalization was set to 4000 for all 

images. 

 

RNA extraction 

Cultures were grown and pellets were flash frozen using liquid nitrogen at an OD of 0.5 to 0.8 

and samples within each batch were within 0.1 OD of each other. Flash frozen cultures were 

stored at -80°C until day of RNA extraction. 1mL of Tri Reagent (Molecular Research Center, 

Inc. Catalog No. TR118) was added to each culture tube to resuspend the pellet then was 

transferred to corresponding 100 μm Zirconium bead-filled tube (OPS Diagnostics Catalog No. 

PFMB-100-100-12) on ice. The tubes were placed in the MP Fast Prep-24 (MP Biomedicals, 

LLC Catalog No. 6005.0) where they were shaken for three 30 second cycles of 7m/s with two 

minutes on ice after each cycle. 300 μL of chloroform was pipetted into each tube. RNA 

extraction was completed using the Direct-Zol mRNA miniprep (Zymo Research, catalogue 

R2052) following the manufacturer’s instructions. The tubes were vortexed for 15 seconds 
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centrifuged for 20 minutes at 15,000 rpm and 4°C. After centrifuging, 500 μL of the clear top 

phase in the tube was pipetted into a corresponding 1.5 mL tube with 500 μL of 100% ethanol. 

The top phase and ethanol were mixed by pipetting up and down then loaded onto a Directzol 

column. The columns in a collection tube were centrifuged for 30 seconds at 15,000 rpm and 

21°C. Flow through was pipetted into waste. 400 μL of RNA wash buffer (Zymo Research 

Catalog No. R1003-3-48) was pipetted on to each column and centrifuged for 30 seconds at 

15,000 rpm 21°C. All following spins are done at the same conditions unless otherwise specified. 

Flowthrough was discarded. A DNase master mix was prepared using 75 μL DNase digestion 

buffer (Zymo Research Catalog No. E1010-1-16) and 5 μL DNase I (Zymo Research Catalog 

No. E1011-A) per sample. 80 μL of master mix was added to each sample, directly on the 

column matrix and samples incubated 30 minutes at room temperature. After 30 minutes, 400 μL 

of Directzol RNA pre-wash was added to the column and spun. Flowthrough was discarded and 

this step was repeated once more. Then 700 μL of RNA wash buffer was added to the column 

and spun down for 2 minutes. RNA was diluted using 50 μL of RNase-free water. RNA 

concentrations and absorbance ratios were measured on the Nanodrop. RNA samples were stored 

at -80°C.  

 

cDNA synthesis and cleanup 

To make single-stranded cDNA from the isolated RNA, a cDNA synthesis and cleanup 

procedure was completed. 600 ng of RNA was used from each sample in a total volume of 5.25 

μL. For each sample, two tubes were prepared: one for reverse transcriptase (RT) and one with 

no RT. A primer master mix was made using 0.5 μL 100mM Tris pH 7.5, 0.17 μL of 3 μg/μL 

random primers, and 0.33 μL ultra-pure water per sample. 1 μL of master mix was added to each 

sample and incubated in the thermocycler for 10 minutes at 70°C. Samples were cooled for five 

minutes on ice. RT and no RT master mixes were then prepared. The RT master mix was as 

follows (per sample): 2 μL 5x Protoscript buffer, 0.5 μL 10 mM dNTPs, 0.5 μL 100 mM DTT, 

0.25 μL RNase inhibitor, and 0.5 μL Protoscript II RT. The no RT master mix was the same 

except 0.5 μL of RT was replaced with 0.5 μL of ultra-pure water. 3.75 μL of master mix was 

added to each sample and incubated for 10 minutes at 25°C, 42°C for 18 hours, then 4°C forever.  

 For cDNA cleanup, an RNA degradation master mix was made using 0.5 M EDTA and 1 

M NaOH is equal volume. 10 μL of master mix was added to each sample and mixed. Samples 
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were then incubated for 15 minutes at 65°C. Following this incubation cDNA was purified using 

the Monarch PCR and DNA Clean-Up Kit (New England Biolabs Catalog No. T1030S) and the 

manufacturer’s instructions were followed.  

 

Quantitative PCR (qPCR)  

qPCR was conducted to measure the relative abundance of mRNA among the different strains. 

cDNA samples for qPCR were obtained from cDNA synthesis and cleanup, as described above. 

cDNA was first diluted to 1 ng/mL using 2 μL of the appropriate sample in pure water, then 

diluted to the desired concentration of 200 pg/μL also in pure water. All cDNA dilutions were 

done freshly on the day qPCR was to be performed. A 2.5 mM primer mix was made for each 

sigA and yfp. For sigA, the final primer mixture consisted of 2.5 μM JR273 and 2.5 μM JR274. 

For yfp, the final mixture consisted of 2.5 μM SSS833 and 2.5 μM SSS834 (see Table 4). A 

mastermix was made for each sigA and yfp and included 1μL of each respective primer mix, 5μL 

of iTaq SYBR Green Supermix (Bio-Rad: Catalog No. 172-5124), and 2 μL of ultra-pure water. 

iTaq was added last and the mixtures were kept on ice until use. 2 μL of cDNA were loaded into 

each designated well of a 96-well PCR plate (Axygen Catalog No. PCR-96M2-HS-C). 8 μL of 

appropriate master mix was then added to the wells and mixed gently by pipetting. Water 

controls were included on the plate, 3 for each primer mix. These controls were made by adding 

2 μL of ultra-pure water with 8 μL of master mix.  

After preparing the plate, it was covered with a sealing film. The plate was run on the 

QuantStudio 6 Pro Real-Time PCR System (ThermoFisher Scientific Catalog No. A43180). The 

reaction parameters were as follows: 1) 50℃ for 2 minutes, 2) 95℃ for 10 minutes, 3) 95℃ for 

15 seconds, 4) 61℃ for 1 minute, 5) repeated steps 1 through 4 for 40 cycles. In each 61℃ step 

the SYBR Green fluorescence was recorded. The Quantification Cycle (Cq) threshold was set to 

0.2. yfp samples were normalized to the corresponding sigA samples as follows: the difference, 

ΔCq, was calculated, and then used to calculate relative expression, 2-ΔCq, of yfp. GraphPad Prism 

9 was used for figure creation.  

 

Flow Cytometry 

Cultures were grown in biological triplicates of each strain to an OD of 0.5. Within 24 hours 

prior to the experiment, 7H9 media was filtered to remove precipitates that can otherwise appear 
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as events with similar forward and side scatter properties to M. smegmatis cells. On the day of 

experimentation, cultures were diluted to OD600 of 0.025 in 1 mL of the freshly filtered 7H9 

media. The diluted cultures were then filtered with 5um filter needles to remove clumps. 

Samples were run on the Cytoflex Flow Cytometer with gain of FSC 500 and Violet SSC 50. 

Thresholds were set to Violet SSC-H 100,000 and FSC-H 40,000. 7H9 was run in between 

samples until the baseline event starting threshold was achieved (~50 events/second). To ensure 

uniform events to analyze, 5000 events within a small gate of the densest cells were captured for 

each sample.   
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Results and Discussion 

Constructing Mycolicibacterium smegmatis strains with codon inserts embedded into YFP  

In order to determine the impact of the ArgCGC codon content and context on gene expression 

in mycobacteria, gene constructs had to first be designed. A total of 13 plasmids were created 

based on one of two plasmid backbones: pSS303 and pSS359 (Nguyen et al., 2020). Two distinct 

plasmid backbones were used in order to test two different positions and sequence contexts for 

each of the test sequences. pSS303 encodes YFP with a C-terminal 6x His tag, driven by the 

pMyc1-tetO promoter and pMyc1-associated 5’ UTR. pSS359 is identical except for the addition 

of the first 54 nt of the M. smegmatis sigA coding sequenced fused to the N-terminus of YFP. 

Although the promoter contains a tet operator, there is no Tet repressor present in the strains 

used and strong constitutive expression is therefore expected from these plasmids. The plasmids 

integrated into the Giles site within the M. smegmatis chromosome. A 1x FLAG tag sequence 

was fused to the N-terminus of pSS303, and test sequences of interest were placed between the 

FLAG sequence and the YFP coding sequence. The neutral sequence VVSS was inserted after 

the sequence encoding residue 16 of the sigA coding sequence, and test sequences of interest 

were placed between VV and SS. One plasmid was created for each of the following: no extra 

sequence controls (1x FLAG only or VVSS sequence only), the ArgCGC test codon, 

synonymous Arg codons, and frameshift codons with the same nucleotide content. Schematics of 

these gene constructs are shown in Figure 1. Control and test sequences are delineated in Table 

5. Representative examples of pSS303 with FLAG and pSS359 with VVSS in Figures 2 through 

5 show the complete nucleotide and amino acid sequences of the promoter, 5’ UTR, and coding 

sequences. Plasmid integration into the M. smegmatis chromosome was confirmed by left and 

right junction checking gels (see Figure 6).  
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Figure 1. Gene Construct Schematics 

 

 

 

This figure has coding sequence schematics for the a) FLAG-containing and b) SigA-containing constructs. In the 

FLAG-containing constructs, the test sequence is preceded by a common 1x FLAG sequence and is fused to yfp. 

The test codons comprise amino acid residues 10 through 13. In the SigA-containing constructs, the test sequence is 

inserted at nucleotide 54 of the sigA coding sequence, between a threonine and alanine, and fused to yfp. This alters 

the positioning of the test codons relative to translation initiation compared to the first set; test sequence in now at 

residues 20 through 23. 

 

Table 5. Gene Construct Test Sequences, Plasmids, & M. smegmatis Strains 
This table provides a description of the gene constructs including the description of each control and test sequence 

with actual sequences also provided. The sequences shaded in blue indicate FLAG-containing constructs and the 

pink shaded sequences are the SigA-containing constructs. Each codon is 4x in the test sequence. The 1x FLAG and 

VVSS control sequences are also included. The new plasmid created from the construct is denoted in the plasmid 

column and the assigned strain numbers are in the strain column. 

 

 

 

 

 

b) 

a) 

Residues 10-13 
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Figure 2. Promoter, 5’ UTR, FLAG Tag, & YFP Nucleotide Sequence of FLAG-Containing 

Constructs 

 

This figure shows the nucleotide sequence of the promoter highlighted in green, the 5’ UTR in blue, the start codon 

in dark green, the FLAG Tag in purple and bolded, and a placeholder for the test sequence indicated by Xs 

highlighted in pink and underlined, as well as YFP in yellow for the FLAG-containing constructs. 

 

 

Figure 3. FLAG Tag and YFP Amino Acid Sequence of FLAG-Containing Constructs 

 

This figure shows the amino acid sequence of the methionine in dark green, the FLAG Tag highlighted in purple and 

bolded, and a placeholder for the 4x test sequence indicated by Xs highlighted in pink and underlined, as well as 

YFP in yellow for the FLAG-containing constructs. 
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Figure 4. Promoter, 5’ UTR, SigA, VVSS, & YFP Nucleotide Sequence of SigA-Containing 

Constructs 

 

This figure shows the nucleotide sequence of the promoter highlighted in green, the 5’ UTR highlighted in blue, the 

start codon in dark green, SigA highlighted in purple, the VVSS control sequence bolded and in teal, and a 

placeholder for the test sequence indicated by Xs highlighted in pink and underlined, as well as YFP in yellow for 

the SigA-containing constructs. 

 

Figure 5. SigA, VVSS, & YFP Amino Acid Sequence of SigA-Containing Constructs 

 

This figure shows the amino acid sequence of the methionine in dark green, SigA highlighted in purple, the VVSS 

control sequence bolded and in teal, and a placeholder for the test sequence indicated by Xs highlighted in pink and 

underlined, as well as YFP in yellow for the SigA-containing constructs. 

 

Fluorescence microscopy was completed to ensure protein expression was detectable using the 

YFP fusion and to gather initial qualitative data for expression of the various FLAG-containing 

strains (see Figure 7). All of the strains showed fluorescence at 40x magnification, indicating the 

YFP fusion was expressed at detectable levels. The observed fluorescence corresponds to the 

amount of protein expression for the YFP gene, which in turn reports the relative amount of 

expression from each codon insert construct. The ArgCGT and ProCCG constructs showed 
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lower levels of fluorescence, indicating lower translation efficiency due to these inserts, as 

compared to the positive control and other strains.  

 

Figure 6. M. smegmatis Integration Checking Gels 

  

 

 

 

 

 

 

 

This figure shows the a) left junction Giles site integration checking gel and b) right junction Giles site integration 

checking gel used to confirm plasmid integration into M. smegmatis chromosome at the Giles site. The 100bp ladder 

is in the first well of each gel. For the left junction, the expected product is 582bp and for the right, 387bp. 
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Figure 7. Fluorescence Microscopy Images of Transformed M. smegmatis Strains 

 

   

This figure shows the fluorescence microscopy images from the first set of constructs. Cells are shown with 

differential interference contrast (DIC) and the GFP fluorescence channel. The positive control is included (non-

clumping SS-M_0486 with pSS303), showing maximum fluorescence and was used as a point of comparisons for 

the test sequence strains.   

 

qPCR data reveal codon content may not have a significant impact on transcript stability 

Following strain validation, strains were grown between OD 0.55 and 0.65 and flash frozen. 

RNA extraction and cDNA synthesis were completed. Quantitative reverse transcriptase PCR 

(qPCR) was conducted on cDNA of biological triplicate strains to test the impacts of codon 
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content on transcript abundance. Only the strains with FLAG insertions were analyzed by qPCR. 

There was no significant difference in YFP mRNA abundance detected for any of the strains 

compared to the no extra sequence control (see Figure 8). There was large error associated with 

all of the samples, so it is possible that there are differences not detectable here. For these 

specific samples, Hygromycin B was not used in liquid cultures throughout the entire workflow. 

Without this selective pressure, it is possible the plasmid was lost to some extent in the strains. 

This may explain the large error among triplicate strains.  

 

Figure 8. qPCR Results for FLAG-Containing Constructs 
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This figure displays yfp mRNA abundance measured by qPCR for each test sequence. Biological triplicate strains 

were run and error bars are shown for each construct. Each test sequence’s mRNA abundance shows no significant 

difference, as denoted by the “ns” bars on the right, from the control FLAG only construct (no extra sequence). 

 

Flow cytometry reveals that codon content and context have strong effects on translation 

efficiency in M. smegmatis 

Flow cytometry was used to measure the relative protein abundance, which provides insight into 

translation efficiency of the various constructs. Biological triplicates of strains were grown to an 
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OD between 0.4 and 0.5, harvested, diluted, and filtered prior to flow cytometry. A preliminary 

gate was used to ensure a similar number of events was captured for each sample, and during 

analysis a new gate was drawn. An example of this cell size gating is shown in Figure 9.  

 

Figure 9. Cell Size Gating for Flow Cytometry 

 

This figure shows the forward and side scatter of M. smegmatis cells obtained in a single sample from flow 

cytometry. In the FlowJo analysis software, the densest portion of cells (in red) was gated for further analysis. This 

gate is indicated by a black outline and label “cells” box. 

 

After gating, the YFP fluorescence was plotted against the cell count to produce histograms 

representing the relative YFP expression (Figure 10a & 10b). To more clearly visualize the 

differences in protein abundance among strains, bar charts were created with the average of the 

median YFP fluorescence of each biological triplicate for each construct (Figure 10c and 10d). 

Significantly less fluorescence was observed for the SigA-containing constructs compared to the 

FLAG-containing constructs, consistent with differences previously reported for the parental 
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plasmids of pSS359 and pSS303 (Nguyen et al., 2020). For the FLAG-containing constructs (see 

Figure 10c) ArgCGC is translated more efficiently than any of the other codons and this value is 

significantly different from the control sequence. This was unexpected because the ArgCGC 

codon was associated with fast degradation which we hypothesized would correlate to poor 

translation efficiency due to wobble base pairing. In this construct, the test sequence is located at 

amino acid residues +10 to +13 downstream of the translation initiation site. The AlaGCC codon 

was translated less efficiently than ArgCGC and the control sequence with a detected 

fluorescence of about 13000. ProCCG and ArgCGU showed very similar fluorescence values 

which are the lowest of all the samples in this set; they were both significantly different from the 

control. This corroborated the microscopy data that showed these two constructs with the lowest 

brightness of all the strains. We would expect this result because it is known that ArgCGU is 

relatively rare in mycobacteria (de Miranda et al., 2000) and proline is generally translated 

inefficiently due to its distinct side chain structure (Krafczyk et al., 2021). ArgCGG and 

GlyGGC showed similar fluorescence as compared to the control; however, the GlyGGC codon 

showed a slightly significant difference from the control while ArgCGG showed no significant 

difference.  

 The protein abundance from the SigA-containing constructs, cloned in the backbone of 

pSS359, is shown in Figure 10d. When the position of the codons relative to translation initiation 

and the codon context changed, there were significant changes in the protein abundance for the 

same codon. For example, in the FLAG-containing constructs, ArgCGC showed the greatest 

protein abundance of all the constructs, however, in this altered positioning and context the 

ArgCGC codon showed significantly less expression than the control sequence. This result 

would be expected based on the hypothesis that wobble base pairing causes decreased translation 
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efficiency, therefore, faster mRNA degradation. The AlaGCC codon resulted in protein 

expression that was not significantly different from that of the control sequence. This differed 

from the FLAG-containing construct where AlaGCC led to decreased translation efficiency 

compared to the control. ProCCG was, once again, translated the least efficiently of the entire 

set. ArgCGG showed significantly increased fluorescence compared to the control. This was 

different from the FLAG-containing construct where it showed no significant difference from the 

control. The new context and/or positioning improved translation efficiency for the ArgCGG 

codon. The GlyGGC codon similarly showed increased translation efficiency in this new context 

and positioning of the SigA-containing construct. ArgCGU was not assessed in this plasmid 

format.  
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Figure 10. Flow Cytometry Results for FLAG-Containing and SigA-Containing Constructs 
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This figure shows histograms of the YFP fluorescence for each test sequence for a) FLAG-containing and b) SigA-

containing constructs. Peaks are labeled with arrows and the associated test sequence. Bar plots and statistical tests 

were done using GraphPad Prism 9. A one-way ANOVA was performed with multiple comparisons for the mean of 

each construct with the mean of the control “no extra sequence” construct (FLAG only for FLAG-containing 

constructs and VVSS for SigA-containing constructs). The degree of significance compared to the control is shown 

by the bars and asterisks to the right. “ns” denotes non-significant differences between constructs. c) For the first set 

of constructs ArgCGC shows increased YFP fluorescence relative to the FLAG only control, indicating increased 
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translation efficiency. d) For the second set, ArgCGC shows decreased YFP fluorescence relative to the VVSS only 

control, indicating decreased translation efficiency in this context and positioning. 
 

Overall, these results suggest that codon content, as well as codon context and 

positioning relative to translation initiation impact translation efficiency in M. smegmatis. 

Translation of the ArgCGC codon appears to be dependent on codon position and context, as in 

the two construct sets very different translational profiles are observed. For future directions it 

would be important to measure the effects of position and context on mRNA abundance using 

qPCR for the SigA-containing constructs. This would provide more information on the 

relationship between translation efficiency and mRNA stability in mycobacteria. Furthermore, 

measuring mRNA degradation rates for both sets would further explain the transcript stability of 

the constructs as it may relate to codon content and context. Further assessing the impact of 

position and context may be informative. This could be completed by having the context remain 

the same but adding or deleting residues at the N-terminus to adjust the position of the test 

sequences relative to translation initiation. This may elucidate whether the differences shown 

between FLAG-containing and SigA-containing constructs was due to position, context, or a 

combination of the two factors. Finally, analyzing the ArgCGC locations in native M. smegmatis 

genes from which the hypothesis was generated would provide insight into the role position has 

on transcript stability and translation efficiency. This would be particularly important because in 

the machine learning program the ArgCGC codon correlated to fast mRNA degradation, which 

was not shown experimentally for each positioning. 
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