
Supporting results 

<1% of coding genes show strong transposon orientation bias 

To explore whether transposon orientation bias impacted upon the fitness data reported here, we 

searched for changes in orientation bias in the LB and InSPI2 output samples, with respect to the Input 

sample. We reasoned that, if a specific transposon orientation was strongly favoured in the output 

sample of the environmental conditions tested, and showed no orientation bias (or the opposite 

transposon orientation was favoured) in the input, then the favoured transposon orientation could have 

a negative or positive effect upon fitness compared with transposon insertions in the opposite 

orientation.  

The transposon orientation score (column ‘(sense - anti)/all’ in S8 Table) was used to define strong 

orientation bias in genes and intergenic regions when the amount of transposon insertions in one 

orientation was ≥3 times higher than the amount of transposons in the opposite orientation, 

corresponding to orientation scores of ≥0.5 or ≤-0.5. A Chi-squared test calculation indicated that, for a 

power of 0.8, the sample size (number of distinct insertion sites) needed to be at least 32. There were 

3872 coding genes with ≥32 insertions in the Input sample. Among them, only 77 showed a significant 

orientation bias and only 15 of those showed a strong effect. Those results revealed that, for those 

coding genes with sufficient data available, only 0.4% showed strong orientation bias. 

Specifically, 28 and 23 coding genes showed strong orientation bias in the LB and InSPI2 outputs, 

respectively. Of these, 12 coding genes in LB and 10 in InSPI2 also showed a significant orientation 

bias in the Input (P≤0.05), all in the same orientation as in the output samples. A total of 12 out of 561 

intergenic regions with sufficient data available (1.8%) showed strong orientation bias in the Input 

sample. We identified 12 and 17 intergenic regions with strong orientation bias in the LB and InSPI2 

outputs, respectively. Of these, 10 intergenic regions in LB and 11 in InSPI2 also showed significant 

orientation bias in the Input sample, in the same favoured orientation as in the outputs. For the 

macrophage samples, no coding genes or intergenic regions showed a strong orientation bias in the 

two output samples. 

Overall, for those coding genes and intergenic regions with sufficient data available, >99% and about 

98%, respectively, showed no evidence of a strong transposon orientation bias on the fitness defects 

reported in our study. 

Three passages in murine macrophages select for S. Typhimurium rough 

mutants 

To determine whether the amount of bacterial cells of the D23580 transposon library used to infect 

macrophages contained a good representation of each individual mutant, a D23580 spontaneous 

mutant resistant to nalidixic acid (Nal) was added in a proportion 1:180,575 to the pool of kanamycin 

resistant mutants before infections. The D23580 transposon library was passaged three times in 

RAW264.7 macrophages, recovering intracellular bacteria at 8 h post-infection (p.i), and growing them 

in LB at 37ºC for 12 h, 220 rpm, between macrophage passages (S3A Fig). Three biological replicates 



were performed, each one containing a pool of the intracellular bacteria from 12 wells from 6-well plates 

(Sarstedt). Ideally, the M.O.I. for screening mutants would be 1:1 to assume that one specific mutant 

infects one macrophage. However, due to the high complexity of the transposon library, an M.O.I. close 

to 10:1 was intended instead. The Nal resistant mutant initially mixed with the D23580 transposon pool 

was recovered after the second and third passages with a ratio of 1:300,000 and 1:381,250, 

respectively. We concluded that a good representation of mutants that do not exhibit fitness defects in 

our infection macrophage model would be seen across the three passages. The fold-change replication 

of bacteria in the intra-macrophage environment was calculated in each passage by comparing bacterial 

counts at 8 h p.i. versus 1.5 h p.i. The intra-macrophage replication of bacteria increased in the second 

passage compared to the first passage. Intriguingly, in the third passage bacteria exhibited less intra-

macrophage proliferation than in the second and first passages.  

To select for mutants with an increased fold-change replication inside macrophages in the third 

passage of macrophages, we hypothesised that extending the amount of time inside macrophages 

would improve selection. Therefore, we passaged the D23580 transposon library three times in murine 

RAW264.7 macrophages, collecting the intracellular bacteria at 12 h p.i. (S3B Fig). Results were similar 

to the previous passages collected at 8 h p.i., with an increased fold-change replication in the second 

passage versus the first passage. The fold-change replication values in the three passages were on 

average 5 times higher, comparing 12 h p.i. with 8 h p.i. The intra-macrophage replication of bacteria 

in the third passage was lower than in the second and the first passages. These results suggested that 

increasing the amount of time of bacteria in the intracellular environment did not improve the selection 

for hyper-replicating bacteria inside macrophages after three passages. Importantly, a high number of 

rough individual colonies (LPS O-antigen-negative mutants) was observed on agar plates after the three 

passages in murine macrophages.  

The selection for mutants that lacked LPS O-antigen was further investigated. We passaged S. 

Typhimurium D23580 WT and 4/74 WT strains, in triplicates (each biological replicate was represented 

by a pool of 3 wells from 6-well plates), three times in macrophages. The conditions used were the 

same as described previously for the D23580 transposon library, collecting the intra-macrophage 

bacteria at 12 h p.i. and growing them in LB for 12 h between macrophage passages (S3C Fig). The 

number of rough and smooth colonies were counted after each passage (S3D and S3E Figs). Rough 

mutants identified by colony morphology on agar plates were validated by showing resistance to lysis 

by the Det7 [1] and 9NA [2] bacteriophages, two phages that bind to the S. Typhimurium LPS O-antigen 

receptor. The rough phenotype appeared after the second passage, with an average of 22% of colonies 

of D23580 WT, and 3% of 4/74 WT colonies. In the third passage, the proportion of rough mutants after 

1.5 h of infection was 77% for D23580 WT, and 34% for 4/74 WT. After 12 h p.i. of the third passage, 

the averages were 48% in D23580 WT, and 17% in 4/74 WT. High numbers of rough mutants were 

recovered for each strain, D23580 WT and 4/74 WT, after growing the collected intra-macrophage 

bacteria of the third passage in LB, with an average of 95% in D23580 WT, and 68% in 4/74 WT. These 

results suggested stringent selection for LPS O-antigen-negative versions of the WT strains, consistent 

with a previous work [3]. Hölzer and colleagues reported that S. Typhimurium mutants lacking LPS O-



antigen are more invasive than the WT strains, being phagocytosed three times more by murine 

RAW264.7 macrophages [3].  

This set of experiments led us to conclude that passaging the S. Typhimurium D23580 transposon 

library three times in murine RAW264.7 macrophages selected for mutants that lacked LPS O-antigen 

and exhibited decreased intra-macrophage replication.  

S. Typhimurium D23580 pBT1-cured mutant is slightly attenuated in murine 

macrophages  

To determine whether the absence of the pBT1 plasmid in S. Typhimurium D23580 impacted upon 

virulence, the pBT1-cured mutant was used to infect murine RAW264.7 macrophages (S6A Fig). 

Proliferation of the intra-macrophage bacteria was measured by comparing bacterial counts at 15.5 h 

p.i. versus 1.5 h (n = 3). The D23580 pBT1-cured mutant showed a small reduction of the fold-change 

replication inside macrophages compared with the WT strain. This result merits further investigation to 

determine whether pBT1 is required for optimal intra-macrophage replication. 

S. Typhimurium D23580 ΔSTM2475 mutant shows attenuation in murine 

macrophages, whereas D23580 STM24754/74SNP does not  

Canals and colleagues reported that the STM2475 gene showed up-regulated expression, at the 

transcriptomic and proteomic levels, in D23580 compared with the S. Typhimurium ST19 strain 4/74 

[4]. Closer inspection of the genetic region identified an indel difference between strains, an ‘A’ insertion 

in the −10 element of the STM2475 promoter region, that was speculated to cause the differential 

expression (S6B Fig) [4]. The conservation of this indel was studied in a set of S. Typhimurium ST313 

and ST19 genomes from Ashton and colleagues [5]. The indel was conserved in ST313 lineage 2 

strains (S6C Fig). To study whether the overexpression of STM2475 in D23580 could have an effect 

during infection of macrophages, mutants D23580 ΔSTM2475::frt and D23580 STM24754/74SNP were 

studied individually in our murine macrophage infection model (S6A Fig). The 4/74 ΔSTM2475::frt and 

4/74 STM2475D23580SNP mutants were included in the study for comparison. D23580 ΔSTM2475::frt 

showed slight decrease in intra-macrophage replication compared with the WT strain. The D23580 

STM24754/74SNP mutant, carrying the promoter version of the 4/74 strain, did not show significant 

differences compared with the WT strain. In 4/74, neither the ΔSTM2475::frt mutant nor the 

STM2475D23580SNP mutant showed significant differences compared with the WT strain. The reduction 

in the fold-change replication of the D23580 ΔSTM2475::frt mutant warrants further investigation.  

S. Typhimurium D23580 transposon mutants in the STM2475 gene were not identified as attenuated 

in our TIS study in murine macrophages. These results could reflect differences in the two approaches, 

such as the use of a different post-infection time point (15.5 h in the individual proliferation assay versus 

12 h in the TIS experiment), or potential trans-complementation in the TIS approach. 

The STM1630 gene is expressed in S. Typhimurium 4/74, but not in D23580 

The STM1630 gene encodes a protein with unknown function in S. Typhimurium. The gene is located 

between two genes encoding effectors, steB and sseJ, and is absent in S. Typhi CT18 and Ty2 strains 



[6]. Mutants in this gene are attenuated in calf and chicken infection models [7]. STM1630 was identified 

as required for growth in our TIS study (S7A Fig), consistent with a previous S. Typhimurium TIS report 

[8]. To study whether the deletion of this gene had a fitness cost in D23580, the individual growth in LB 

of the D23580 ΔSTM1630::frt mutant was compared to the growth of the WT strain (S7B Fig). No 

significant differences were observed between strains, concluding that this gene is not required for 

growth of S. Typhimurium D23580 in LB. This gene has been reported to contain an H-NS-binding site 

in S. Typhimurium SL1344 [9] (Fig 3C). These results suggest that the absence of transposons found 

in this gene in our TIS study could be due to H-NS-binding to the nucleotide sequence. 

Consulting our previously published RNA-seq data, STM1630 showed expression in 4/74 in an SPI-

2-inducing medium (InSPI2), and inside murine macrophages [10,11]. In contrast, RNA-seq data in 

D23580 showed absence of expression of STM1630 in the same in vitro growth conditions (S7C Fig) 

[4]. Furthermore, a comparison of the STM1630 promoter region between S. Typhimurium D23580 and 

4/74 indicated the presence of two consecutive SNPs, suggesting a disruption of the −10 element (S7D 

Fig). The conservation of the STM1630 promoter SNPs was assessed in a set of 100 ST313 and ST19 

genomes from Ashton and colleagues [11]. The two SNPs in D23580 were conserved in all ST313 

strains tested, including lineages 1 and 2, and ST313 strains isolated from United Kingdom (S7E Fig) 

[5,12]. The differential expression of this gene between strains S. Typhimurium D23580 and 4/74 led 

us to investigate whether the absence of STM1630 expression in D23580 in the intra-macrophage 

environment could have an effect in replication and survival inside macrophages. The D23580 WT and 

ΔSTM1630::frt and STM16304/74SNP mutants were used to individually infect murine RAW264.7 

macrophages (S7F Fig). For comparison, the 4/74 WT and the respective ΔSTM1630::frt mutant were 

also studied. The fold-change replication in the intra-macrophage environment (15 h versus 1.5 h) did 

not show significant differences between the D23580 ΔSTM1630::frt and STM16304/74SNP mutants 

compared with the D23580 WT strain. In contrast, the 4/74 ΔSTM1630::frt mutant exhibited a significant 

increase of the fold-change value compared with the 4/74 WT strain. These results suggested a putative 

role for this gene inside murine macrophages in 4/74, but not in D23580. 

 

 

 

 

 

 

 

 



Supporting methods 

Construction of mutants in S. Typhimurium D23580 and 4/74 by λ Red 

recombineering 

Mutants D23580 ΔSTM2475::frt, 4/74 ΔSTM2475::frt, D23580 ΔSTM1630::frt, and 4/74 ΔSTM1630::frt 

were constructed by λ Red recombineering following the described methodology in Materials and 

Methods. Generalized transduction using the bacteriophage P22 HT 105/1 int-201 was performed for 

all constructions in D23580 and 4/74. Strains, plasmids and oligonucleotides used for obtaining these 

mutants are included in S10 and S11 Tables. For the STM2475 mutants, oligonucleotides Fw-2475-P1 

and Rv-2475-P2 were used for amplification of aph from the pKD4 plasmid. For mutants in the STM1630 

gene, PCR-amplification was performed using the Fw-STM1630-P1 and Rv-STM1630-P2 

oligonucleotides.  

Construction of scarless single-nucleotide mutants in S. Typhimurium D23580 

and 4/74 

Single-nucleotide mutants were obtained using two different strategies that have been previously 

described [4,13]. The two-SNP substitution in D23580 STM16304/74SNP was constructed using a single-

stranded DNA recombineering strategy [14]. The STM1630p-474SNP oligonucleotide, carrying the two 

SNPs in the STM1630 promoter region of 4/74, was transformed into D23580 containing the pSIM5-tet 

plasmid. D23580 recombinants were screened by PCR using a stringent annealing temperature with 

oligonucleotides Fw-STM1630p and Rv-STM1630p-474.  

A second methodology based on the pEMG suicide plasmid was used for obtaining the D23580 

STM24754/74SNP and 4/74 STM24754/74SNP mutants [15,16]. PCR-amplification was performed using 

oligonucleotides 2475-EcoRI-F and 2475-BamHI-R and D23580 or 4/74 as templates, depending on 

the indel difference to replace. PCR products were cloned into the pEMG plasmid using the BamHI and 

EcoRI restriction sites, and transformed into E. coli S17-1 λpir. Recombinant plasmids were mobilized 

by conjugation into D23580 or 4/74, depending on the constructions carrying the D23580 or 4/74 indel 

version. For selection of transconjugants, M9 minimal medium supplemented with 0.2% glucose and 

Km was used for 4/74; and LB plates supplemented with Km and chloramphenicol 20 μg/mL were used 

for D23580. A second homologous recombination to remove the pEMG integrated plasmid was 

promoted by transformation of the pSW-2 plasmid, as previously described [15]. S10 and S11 Tables 

contain strains and plasmids, and the sequences of the oligonucleotides used for constructions.  
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