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Trimethoprim Sensitivity in Escherichia coli
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SUMMARY

Trimethoprim, a preferred treatment for urinary tract infections, is becoming obsolete owing to the
rapid dissemination of resistant E. coli. Although direct resistance mechanisms such as overexpression
of a mutant FolA and dfr enzymes are well characterized, associated alterations that drive or sustain
resistance are unknown. We identify the repertoire of resistance-associated perturbations by con-
structing and interrogating a transcriptome-integrated functional interactome. From the cross talk
between perturbations in stress-response and metabolic pathways, we identify the critical depen-
dence on serine hydroxymethyltransferase (GlyA) as an emergent vulnerability. Through its deletion,
we demonstrate that GlyA is necessary to sustain high levels of resistance in both laboratory-evolved
resistant E. coli and a multidrug-resistant clinical isolate. Through comparative evolution, we show
that the absence of GlyA activity decelerates the acquisition of resistance in E. coli. Put together,
our results identify GlyA as a promising target, providing a basis for the rational design of drug
combinations.

INTRODUCTION

Trimethoprim (TMP) is commonly used in the treatment of urinary tract infections (UTls) caused by Escher-
ichia coli and Klebsiella pneumoniae (Huovinen et al., 1995). It is used either alone or in combination with
sulfamethoxazole (SMX), which has a slightly different target spectrum. Although TMP and SMX are admin-
istered as a combination in the treatment of UTls, synergy between the two has not been observed in vivo
and, therefore, prophylaxis or treatment can be carried out using TMP alone (Acar et al., 1973; Kasanen and
Sundquist, 1982). Owing to relatively low cost, it is the preferred treatment option in developing countries
where incidence of UTls is generally higher. However, in the past several decades, the use of TMP has been
limited by the emergence of resistant bacteria in developed and developing countries alike (Sanchez et al.,
2012; Seputiené et al., 2010).

TMP causes the depletion of deoxythymidine monophosphate (dTMP), methionine, glycine, and purines
through the competitive inhibition of dihydrofolate reductase (FolA) in the folate pathway (Kwon et al.,
2010). Not surprisingly, binding site mutations in FolA, which impinge on TMP binding, FolA overexpres-
sion, and acquisition of naturally resistant plasmid-borne dfr enzymes, are direct mechanisms of resistance
in several bacteria (Flensburg and Skald, 1987; Volpato and Pelletier, 2009; White et al., 2000). The currently
explored strategies for tackling resistance include synergistic combinations and cycling of antibiotics with
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we studied laboratory-evolved TMP-resistant E. coli using a transcriptome-integrated network approach.
Several genes involved in stress response and metabolism were found to be differentially expressed
with extensive cross talk between them. Based on the nature of metabolic perturbations, we identified
the dependence on serine hydroxymethyltransferase (GlyA), an enzyme in the folate pathway as an emer-
gent vulnerability in TMP-resistant E. coli. We demonstrated that the deletion of glyA significantly rescues
sensitivity to TMP in two laboratory-evolved TMP-resistant E. coli strains and a multidrug-resistant (MDR)
clinical isolate of uropathogenic E. coli. Finally, through a comparative evolution experiment, we observed
that acquisition of TMP resistance is slower in the absence of glyA.

RESULTS AND DISCUSSION
Evolution and Transcriptome of TMP-Resistant E. coli

TMP-resistant E. coli were evolved from E. coli K12 MG 1655 (WT) as per previous protocols (Padiadpu et al.,
2016; Toprak et al., 2011). Briefly, in each step of the experiment, the concentration of TMP was doubled
and E. coliwas sub-cultured (initial Aggo ~ 0.1) when sufficient growth (Ao ~ 0.6) at a particular concentra-
tion was observed. The minimum inhibitory concentration (MIC) for WT was found to be 0.5 pg/mL (consis-
tent with the MIC expected in vivo with a peak serum concentration of TMP, i.e., 1-2.5 pg/mL) (Schulz and
Schmoldt, 2003). Two strains—32xR1 and 32xR2—were evolved from biological replicates of WT, i.e., WT1
and WT2, respectively, starting from a sub-inhibitory concentration of 0.125-16 pg/mL (Figure 1A). Only a
minor growth defect was observed for both 32xR strains in the absence and presence of 16 ng/mL TMP indi-
cating that the resistance-associated fitness cost was minimal (Figure S1). The MIC for 32xR1 and 32xR2 was
1,024 and 128 pg/mL, respectively. Both the 32xR strains had the previously characterized Leu28Arg (L28R)
TMP-resistant mutation in the binding site of FolA and the —34C>T mutation in the —35 region of the folA
promoter, which causes an overexpression of the mutant DHFR (Mohan et al., 2015; Toprak et al., 2011). On
an average, folAwas found to be ~20-fold upregulated in the 32xR E. coli(Table S1). The TMP resistance of
32xR E. coli can be largely attributed to the presence of these mutations.

Transcriptomes of TMP-resistant (4xR1, 4xR2, 32xR1, and 32xR2) and WT E. coliwere profiled using a DNA
microarray. The 4xR E. coli were TMP-resistant intermediates in the evolution of 32xR E. coli from the WT
(Figure 1A). To prevent loss of resistance, resistant E. coliwere grown in media containing appropriate con-
centration of TMP; the biological replicates of WT, 4xR, and 32xR E. coli were grown to mid-log phase in
M9, M9-2 ug/mL TMP, and M9-16 pg/mL TMP. Expression values were obtained for 4,021 genes and found
to be highly correlated (>0.95) among the two biological replicates of each type of E. coli. Therefore, for
each gene, we considered the mean of the two expression values for all analyses. Since the transcriptomes
of WT E. coli growing in sub-inhibitory antibiotic concentrations are diverse, we compared the transcrip-
tomes of the resistant bacteria with that of the WT grown in the absence of the drug (Erickson et al., 2017).

Totally, 397 unique differentially expressed genes (DEGs) ([log,fold-change (FC)| > 1 and Benjamini-Hoch-
berg FDR-corrected p value < 0.05) were identified in the TMP-resistant (4xR and 32xR) E. coli. For the 4xR
E. coli, 173 DEGs were identified, whereas nearly twice as many, 345, were found in the 32xR E. coli (Table
S1). FC was observed to be higher in 32xR E. coli (Figure 1B). With the RNA samples used for microarray, the
FC values for a few DEGs were re-estimated with gPCR and found to agree with the FC obtained from the
microarray (Table S2). Between the 32xR and 4xR strains, 46 and 75 DEGs were seen to be commonly up-
regulated and downregulated, respectively (Figure 1C). No DEG upregulated in 4xR E. coliwas seen to be
downregulated in 32xR E. coliand vice versa, suggesting an absence of change in survival strategy as E. coli
adapt to higher concentrations of TMP (Figure 1C). Adaptation to TMP was observed to occur through
perturbation of several biological processes. SOS response, response to acidic pH, viral process, biofilm
formation, and lipopolysaccharide metabolism were seen to be enriched in upregulated genes, whereas
most of the downregulated genes were seen to be involved in chemotaxis, amino acid metabolism, pyrim-
idine biosynthesis, and siderophore and molybdate transport (Figure 1D). Some of these processes have
also been observed in WT E. coli grown in sub-inhibitory TMP indicating coherence between stress
response and resistance to TMP (Sangurdekar et al., 2011).

Unbiased Identification of Altered Interactions, Paths, and Cross Talk in TMP-Resistant E. coli

We were interested in knowing if the DEGs were functionally connected in any way. A knowledge-based
functional interactome, i.e., a genome-scale protein-protein interaction network, integrated with pheno-
type-specific gene expression data is an elegant tool for studying underlying cross talk. Such networks
have been instrumental in the identification of isoniazid resistance mechanisms in mycobacteria and
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Figure 1. Laboratory-Evolved TMP-Resistant E. coli Exhibit Multiple Transcriptomic Changes

(A) Evolution of TMP-resistant 32xR E. coli: TMP-sensitive WT E. coliwere adapted to TMP in a stepwise manner over 2.5 days. The adaptation was initiated by
growing WT in sub-inhibitory (0.25xMIC) TMP concentration of 0.125 pg/mL to Aggg ~ 0.6 (green filled circle) followed by inoculation in 2x TMP (0.25 pg/mL).
This was done iteratively by doubling the concentration in each step till E. coli adapted to 16 pg/mL TMP. Line at the bottom indicates time after which the
culture reached Agoo ~ 0.6 in a particular concentration.

(B) log,FC values of 397 DEGs in biological replicates of 4xR and 32xR E. coli. The FC of a gene is the mean of the FC of biological replicates of 4xR or 32xR.
In general, FC is seen to be higher in 32xR as compared with 4xR.

(C) Common DEGs in 4xR and 32xR: 75 and 46 genes were commonly downregulated (D) and upregulated (U), respectively.

(D) Gene Ontology (GO) Biological Process enrichment of DEGs in 32xR E. coli: Biofilm formation, response to pH, and SOS response were significantly
enriched in upregulated DEGs (red), whereas motility and amino acid biosynthesis were enriched in downregulated DEGs (blue).

biomarkers for tuberculosis (Padiadpu et al., 2016; Sambarey et al., 2017). In keeping with this, a functional
interactome, E. coli protein-protein interaction network (EcPPIN), was constructed, integrated with tran-
scriptome information, and used to study the cross talk underlying TMP resistance with the goal of identi-
fying targetable components, if any.

EcPPIN was constructed using functional interaction data (regulatory, physical binding, metabolic, etc.) be-

tween 3,498 genes and had 24,542 edges obtained from public databases and the literature (see Trans-
parent Methods). Furthermore, a condition-specific network, 32xNet, which captures gene expression
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Figure 2. Cross Talk between Processes Perturbed by TMP Is Identified from 32xTopNet

(A) Flow chart showing steps involved in extraction of 32xTopNet from 32xNet.

(B) 32xTopNet: filled diamonds (DEGs) and circles (non-DEG genes) represent nodes and lines connecting them are knowledge-based functional
interactions. The nodes are colored based on FC.

(C) Cross talk between processes perturbed by TMP viz. GASR, motility, biofilm, and folate metabolism inferred from the 32xTopNet. Genes belonging to
each process are shown in a different shape. Like in (B), node colors signify extent of upregulation or downregulation.

perturbations associated with TMP resistance, was generated by integrating the differential transcriptome
of WT and 32xR E. coliinto EcPPIN (see Transparent Methods) (Figure 2A). Approximately 8.4 million short-
est paths were detected in 32xNet and ranked based on normalized path costs (see Transparent Methods).
A subset of top-ranked shortest paths that (1) was significantly enriched in DEGs (hypergeometric p value <
0.05) and (2) contained >75% of all observed DEGs was considered desirable for the identification of high-
confidence resistance-associated perturbations. The top-ranked 0.4% shortest paths were observed to
satisfy these criteria; enrichment p value = 0.003; 269 DEGs (78%) (Table S3). Since we were interested
only in the interactions that are directly linked to or possibly impart TMP resistance, only the edges
involving at least one DEG were considered, leading to the selection of 570 genes connected by 1,177
edges. Interestingly, most of the 1,177 edges, albeit a very small portion of the EcPPIN, formed a con-
nected sub-network, 32xTopNet (Figure 2B). This connectedness indicated cross talk, i.e., individual pro-
cesses influence each other and are perhaps orchestrated through common control elements.

Edge-weight-based clustering, which leverages the occurrence of dense connections between groups of
genes belonging to the same process, was used to identify processes perturbed by TMP in the 32xTopNet
(see Transparent Methods). Twenty-six clusters (C1 to C26) of size > 4 (p value < 0.05) were obtained (Fig-
ure S2). Clusters were functionally annotated based on the annotations of its members as per EcoCyc (Kes-
eler et al., 2011). Of the 26 clusters, genes in 11 (C2, C3, C6, C8, C10, C14, C16, C18, C21, C22, C26) were
seen to be involved in stress-response processes, whereas genes in 5 others (C5, C13, C15, C17, C19) were
metabolism related (Table 1). Amino acid biosynthesis, aerobic respiration, and glycine-cleavage complex
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ID p Value Size
C1 0 45
Cc2 0.002 7
C3 0.004 7
C4 0.005 5
C5 0.005 8
Cé 0.006 5
Cc7 0.007 7
C8 0.007 16
c9 0.011 4
C10 0.011 6
c1 0.013 4
C12 0.013 4
C13 0.015 4
C14 0.015 4
C15 0.017 11
C1é6 0.018 7
C17 0.019 6
Cc18 0.019 6
Cc19 0.023 13

Table 1. Clusters Identified in 32xTopNet

Member Genes

cheA, cheB, cheW, cheY,

che, flgh, flgB, flaC, flaD,
flgk, flgF, flgG, flgH, flgl,

fIiT, fliZ, motA, motB, tap,
tar, ycgR, yhiH

uvrC, umuC, dnaN, sbcC,

uvrD, ruvA, uvrB

ygiW, ygiV, dinJ, ygiT, yafQ,
mqsR, hipA

sra, rmf, cspD, glgS, ychH

aceB, aceK, arcA, betB, betl,
hybO, maeA, ndh

yegF, yegZ, ymgA, ymgB,
ymgC

dcm, deoR, hsdR, hsdS,
mcrA, ompT, yjaA

csgD, fliZ, gadA, gadB,
gadC, gadE, gadX, gadW,
gltB, gD, hdeA, hdeB,
hdeD, mdtE, slp, yhiD

cysB, tauA, tauB, yoaC

intE, xisE, ymfJ, ymfM, ymfT
fre, hyfA, hyfC, hyfD

aspA, deH, narL, ydhY
@iEin, GEYR, GIEV, [P

argR, arnB, carA, carB, gdhA,
gltB, gltD, gpmM, hisC,

serA, serC

fiml, ihfB, matA, matC,
yagW, yagX, ypdA

aceA, citT, gcl, ghrA, scpC,
ttdT

rpoS, ycgF, ycgZ, ymgA,
ymgB, ymgC
argR, gadA, gadE, gadW,

gadX, gltB, gltD, hdeD,
serC, slp, ybaS$, ybaT, yhiM

Cell

Annotation

Flagellar assembly and

chemotaxis

DNA repair

Biofilm regulation

Aerobic respiration
Biofilm architecture
DNA modification

Glutamate-dependent acid

stress response

Sulfur provision

e14 prophage protein
Hydrogenase subunit
Nitrate/nitrite response
Glycine cleavage
SoxSR reducing system

Amino acid biosynthesis

Fimbrial-associated proteins
Glyoxylate metabolism and
succinate transport

Biofilm architecture

Glutamate metabolism

(Continued on next page)
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ID p Value Size Member Genes Annotation
C20 0.024 11 cheA, cheB, cheR, cheW, Chemotaxis
cheY, cheZ, fliA, motA, tap,
tar, tor
C21 0.030 4 nth, rsxA, rsxD, rsxE SoxSR reducing system
C22 0.030 4 hipA, mgsR, ygiV, ygiw Stress response
C23 0.030 6 clpP, degP, hflB, obgE, rrmJ,
yhbE
C24 0.032 9 cheA, cheB, cheR, cheW, Chemotaxis

cheY, cheZ, tap, tar, tsr

C25 0.040 16 cheA, cheB, cheR, cheW, Chemotaxis
yhiH

C26 0.043 6 rcsA, wcaA, weaE, wcaF, Colanic acid biosynthesis
wze, yjbE

Table 1. Continued

Clusters of size 4 or more were identified in 32xTopNet. The first column provides the cluster ID in which the number specifies
the rank. Clusters have been annotated based on the genes they contain. Annotation was possible only for clusters with ma-
jority of genes sharing a common ontology based on primary literature reports. Downregulated genes are underlined, and
upregulated genes are shown in bold (log,FC values in Table S1).

in the folate pathway were among the perturbed metabolic processes. SOS-response-DNA repair, gluta-
mate-dependent acid-stress response (GASR), biofilm formation, superoxide detoxification, and e14
prophage were among the active stress response mechanisms. Some of these are of relevance to patho-
genesis and host colonization. Using mouse models of human UT], it has been reported that the induction
of SOS response is important for survival of uropathogenic E. coli in the bladder epithelial cells of immu-
nocompetent mice (Li et al., 2010). Similarly, biofilm formation has been linked to persistence and relapse
of UTls (Soto et al., 2006). We confirmed biofilm formation of the resistant E. coli using crystal violet staining
and scanning electron microscopy. 32xR E. coli grown both in the absence and presence of 16 pg/mL TMP
were seen to form more biofilm than the WT grown in the absence of TMP (Figure S3).

Most clusters contained genes belonging to a single process, whereas some represented multiple pro-
cesses. Motility regulator fliZ was captured in both C1 and C8, which contain mainly motility and GASR
genes, respectively (Table 1). FliZ negatively regulates GASR through the repression of GASR activator
gadE, whereas, another GASR regulator, GadX, activates rpoS, which antagonizes fliA and fliZ expression
(Figure 2C) (Dong et al., 2011; Pesavento and Hengge, 2012). Therefore, in the 32xR E. coli, the downregu-
lation of fliZ can be linked to de-repression of GASR activator gadE and, as a consequence, induction of
GASR. FliZ is a negative regulator of csgD expression, a transcription factor involved in biofilm formation
and vice versa, whereas RpoS positively regulates csgD transcription through c-di-GMP (Figure 2C) (Oga-
sawara et al., 2011; Pesavento et al., 2008; Weber et al., 2006). In keeping with this, diguanylate cyclases
(yeal, ycdT) were found to be upregulated in 32xR E. coli (Table S1). Finally, and remarkably, a previously
identified interaction between csgD and glyA (serine hydroxymethyltransferase) seen in the 32xTopNet
highlighted the cross talk between a stress-response mechanism, i.e., biofilm formation and the folate
pathway (Figure 2C) (Chirwa and Herrington, 2003).

Emergent Vulnerability in TMP-Resistant E. coli

GlyA catalyzes the formation of 5,10-methylene tetrahydrofolate (5,10-mTHF) and glycine from serine and
THF. The glycine cleavage complex (GevTPH) (found in C13) also synthesizes 5,10-mTHF from THF; how-
ever, it utilizes glycine instead of serine. The 5,10-mTHF produced by these reactions is used for the
synthesis of dTMP by ThyA. Both GlyA and GevTPH lie directly downstream of FolA in the folate pathway
(Figure 2C). A recent study by Minato et al. showed that the deletion of either gcv or glyA did not improve
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susceptibility of WT E. colito TMP (Minato et al., 2018). This could be because these two reactions are func-
tionally redundant. Since gcvTPH was downregulated in the 32xR E. coli(Table S1), the data suggested that
the resistant E. coli critically depend on glyA for production of 5,10-mTHF and subsequently the nucleo-
tides and DNA. Since this dependence on GlyA is unique to the resistant strains, we hypothesized that it
is a new vulnerability that has emerged in association with TMP resistance and that E. coli devoid of
GlyA activity cannot sustain resistance. To confirm this, we first generated glyA knockouts of the 32xR1
and 32xR2 E. coli (Figure S4). The knockouts were observed to grow satisfactorily (Figure S4). The MIC of
TMP for 32xR1:AglyA and 32xR2:AglyA was recorded to be 8 and 4 ng/mL, respectively, which translated
to a 32-fold decrease in MIC for 32xR2 and more than 100-fold decrease in MIC for 32xR1. Furthermore, to
test if our findings hold true for clinical strains of pathogenic E. coli, we created a glyA knockout of an MDR
strain of uropathogenic E. coliisolated from a patient with acute UTI. This clinical isolate (Cl) was resistant
to therapeutic concentrations of ampicillin, piperacillin/tazobactam, cephamycin, cephalosporin antibi-
otics, cotrimoxazole, ciprofloxacin, and norfloxacin (sensitivity profiling obtained from the hospital repos-
itory). It was resistant to TMP with an MIC of 1,024 pg/mL and showed an upregulation GASR, csgD, and
glyA as compared with WT even in the absence of TMP. Like the 32xR1 and 32xR2 E. coli, this clinical isolate
exhibited slight but significant upregulation of glyA and folA and downregulation of gcvT in the presence
of 16 png/mL and Cl:AglyA showed no growth defect (Tables ST and S4, Figure S5). However, it did not
contain mutations in the chromosomal folA indicating that the high resistance could be due to the pres-
ence of plasmid-borne naturally resistant dihydrofolate reductase enzymes like in most clinical isolates
and not the mutation/overexpression of chromosomal folA like in 32xR E. coli. Remarkably, the MIC of
TMP for Cl:AglyA was also observed to be 8 ng/mL, which, like for 32xR1, translated to a ~100-fold
decrease. Collectively, these data showed that the dependence on glyA is indeed an emergent vulnera-
bility associated with TMP resistance.

Co-targeting GlyA Retards Acquisition of TMP Resistance

We observed that the upregulation of glyA and biofilm formation occurs even when WT is grown in sub-
inhibitory concentrations of TMP (Figure Sé). Specifically, WT grown at 0.125 pg/mL (0.25 x MIC) TMP
showed ~3-fold higher expression of glyA (as compared with WT grown in absence of TMP) with concom-
itant downregulation of gevT suggesting that GlyA activity is necessary to combat TMP stress (Table S4).
Therefore, we asked if GlyA is necessary for adaptation to TMP. Toward this, we carried out a comparative
evolution experiment with E. coli K12 BW25113 and BW25113:AglyA as previously described (Zampieri
et al., 2017). The experiment was performed to simulate the adaptation to TMP over the course of a stan-
dard UTl treatment. (Note: Depending on the severity of the infection and the Food and Drug Administra-
tion’s [FDA] guidelines [https://www.accessdata.fda.gov/drugsatfda_docs/label/2002/17943s16Ibl.pdf],
TMP is prescribed for 3-14 days with dosage every 12 [100 mg] or 24 h [200 mg]. As per the FDA reports,
mean peak serum and urine concentrations of 1-2.5 and 30-160 ng/mL, respectively, are achieved 1-4 h
after oral administration of a single dose of 100 mg.) Each replicate was exposed to different concentra-
tions of TMP for 12 h post-incubation; E. coli growing at the highest concentration were selected for further
propagation. Sub-culturing was carried out every 12 h over a period of 14 days. For each 12h period, for
each strain, growth observed (Ago0) in a well containing the replicate grown in absence of TMP was consid-
ered as the positive control (Figure 3A). The well from which the bacteria were to be selected for subse-
quentinoculation had to have Aggg = Agoo of the positive control (Figure 3A). To account for the differences
in the growth rate between BW25113 and BW25113:AglyA, resistance gained at equivalent number of gen-
erations was compared.

Both strains completed ~180 generations over 14 days, of which ~120 generations were completed over
10 days (Table S5). The average number of generations completed every 12 h was similar too (Table S5).
On the fifth day (~60 generations) the maximum concentration at which BW25113 and BW25113:AglyA
were observed to grow were 8 and 2 pg/mL, respectively (Figure 3B). This suggested that BW25113:AglyA
could still be inhibited by the physiologically encountered concentration of TMP, whereas BW25113 could
not. In the period between ~100 and 140 generations (~8-10.5 days), BW25113 was significantly more TMP
resistant as compared with BW25113:AglyA (Figure 3C). After 11.5 days, >50% BW25113:AglyA replicates
acquired resistance to >4 pg/mL, which is higher than the therapeutic serum concentration. However, this
lies significantly outside the typical length of TMP treatment regimens for uncomplicated UTls, i.e., 3 days
(Jancel and Dudas, 2002). In summary, the experiment suggested that, in comparison with BW25113,
BW25113:AglyA show delayed acquisition of low levels of TMP resistance.
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Figure 3. Comparative Evolution Shows Slower Adaptation to TMP in Absence of glyA

(A) Comparative evolution experiment schematic: Dilutions of TMP were prepared in a 96-well plate and inoculated with
overnight cultures of BW25113 or BW25113:AglyA. Culture from well with the highest TMP concentration was used for
inoculating plate for the next day provided growth in that well was comparable with growth in the absence of TMP (Agqo >
Asoo of corresponding well without TMP).

(B) Adaptation trajectories to TMP in six biological replicates of BW25113 (blue) and its corresponding BW25113:AglyA
(red) over ~180 generations are shown. Each point for a particular number of generations for a particular replicate
represents the maximum TMP concentration at which satisfactory growth (Agoo = Agoo of corresponding well without
TMP) was observed. Adaptation trajectory of each replicate is shown in a dotted line connecting the points for that
replicate across all generations. The mean adaptation trajectory for BW25113 or BW25113:AglyA is shown in a solid line.
(C) Plot shows the mean resistance gained at a particular number of generations for BW25113 or BW25113:AglyA. For
each replicate, the ratio of concentration at which it grows after a particular number of generations and the concentration
at which it grew on the first day (after ~12 generations) is calculated. Thus, each ratio represents the fold increase in
resistance. Six ratios are obtained per strain and the mean + SD of these ratios is shown for a particular number of
resistant. Since the number of generations completed every 12 h is roughly the same for the two strains, for the purpose of
comparison, the BW25113 ratios have also been plotted using the number of generations obtained for BW25113:AglyA.
Between ~100 and 140 generations (~8-10.5 days), BW25113 (blue) is significantly more resistant to TMP than
BW25113:AglyA (red) (p value < 0.05; indicated by *).

Concluding Remarks

Although overexpression of a resistant DHFR directly provides TMP resistance in 32xR E. coli, the concom-
itant alterations in expression of a large number of genes (~8% of the genome) indicates that TMP resistance
is a multifaceted response. Integration of the differential transcriptome of WT and 32xR E. coliinto EcPPIN
and an unbiased mining of the condition-specific network 32xNet not only revealed the cross talk between
genes involved in different stress response and metabolic pathways perturbed by TMP but also led to the
identification of an emergent vulnerability-critical dependence on GlyA. This vulnerability emerges from the
multipronged role of GlyA, which ensures uninterrupted DNA synthesis via 5,10-mTHF and dTMP produc-
tion, protein synthesis, and curli production through glycine production. We show that, evenin the presence
of primary resistance mechanisms such as the overexpression of a mutant chromosomal DHFR and associ-
ated beneficial perturbations viz. activation of the SOS/DNA-repair response and biofilm formation and,
possibly, plasmid-borne naturally resistant dihydrofolate reductases in the clinical isolate, deletion of
glyArescues sensitivity to TMP to a large extent. The success of glyA as a target s attributable to its position
in the folate pathway, i.e., downstream of THF biosynthesis where most dihydrofolate reductase activity-
based resistance mechanisms functionally converge. Previous studies show that SHMT (GlyA) knockdown
induces apoptosis in lung cancer cells and challenges viability in P. falciparum (Paone et al., 2014; Porntha-
nakasem et al., 2012). Since we also show that targeting this resistance-associated emergent vulnerability
decelerates the acquisition of resistance in wild-type TMP-sensitive E. coli, a GlyA inhibitor used in combi-
nation with TMP presents a promising strategy for treating UPEC UTIs.
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Limitations of the Study
1. Although E. colilacking glyA show slower adaptation to TMP, it is possible that more than one TMP-
adaptation strategy exist and that the outcomes of evolution in vivo and in vitro (in a controlled lab-
oratory environment) are different.

2. Resistance mechanisms in laboratory-evolved and clinical E. coli may differ. It is difficult to predict
the outcome of targeting glyA in clinical strains that are resistant to TMP through non-folate
pathway-dependent mechanisms, e.g., efflux pumps and drug avoidance via biofilm formation.

3. Prediction of the cross talk between processes depends on the topology of the network and is, there-
fore, limited by the knowledge of functional interactions in E. coli.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

The accession ID of the microarray expression data reported in this paper is ArrayExpress: E-MTAB-6536. R
code for analysis of expression data, EcPPIN, and toy networks and scripts for weighted network genera-
tion and shortest path computation are made available in a supplementary zipped folder.
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Supplementary Information

Supplementary Figures

Figure S$1: Growth of WT and laboratory-evolved TMP-resistant 32xR E. coli [related to
Figure 1]: Growth curves of 32xR1 and 32xR2 E. coli in presence (-T) and absence of 16
pg/mL TMP; and respective E. coli K12 MG1655 parents (WT1 and WT2) are shown. Aswo
recorded at each hour is shown as mean = SD. The 32xR strains grow only marginally slower
as compared to their respective WT parents and there is no significant difference in growth in
presence and absence of 16 ug/mL TMP.
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Figure S2: Clusters identified in 32xTopNet [related to Table 1]: ClusterONE (Clustering
with Overlapping Neighbourhood Expansion (Nepusz et al., 2012)) was used to identify
clusters based on edge-weights. ClusterONE identifies clusters with overlapping nodes. For
example, if a gene pair A-B has a higher edge-weight and so does the pair A-C but not the pair
B-C, then gene A will be observed in two clusters, one which has gene B and its interactions
and another which has gene C and its interactions. Therefore, multiple clusters containing the
same genes are observed. 26 clusters were identified.
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Figure S3: Biofilm formation [related to Table 1, Figure 1 and Figure 2]: (a) Biofilm
quantification by crystal violet staining (Asqo data plotted as mean + SD) showed that biofilm
production by the 32xR strains both in the absence and presence of 16 uyg/mL TMP was higher
as compared to WT. (b) Scanning electron microscopy (SEM) images at 4000X of E. coli
biofilms showed that 32xR E. coli clump together in a biofilm matrix whereas WT appear mostly
as separate cells. The clumping in each field is demarcated for ease of viewing.
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Figure S4: Confirmation of glyA knockouts [related to Figure 2C]

A Colony PCR for glyA knockout (KO) confirmation B Colony PCR for glyA knockout (KO) confirmation
in clinical isolate (Cl) and 32xR1 in 32xR2

Lane 1-5: 32xR2-KO

1 2 3 4 5 Lane 1:200 bp ladder
Lane 6: 32xR2

S S Lane 2: CI-KO
Lane 3: CI
Lane 4: 32xR1-KO
Lane 5: 32xR1

Figure S5: Growth curves of 32xR1, 32xR2 and CI and their respective glyA knockouts
[related to Figure 2]: Growth in the absence of TMP was profiled for 32xR strains and clinical
isolate-Cl (red) and their respective AglyA (black) over 24 hours. logo(CFU/mL) is the average
of two biological replicates.
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Figure S6: Biofilm formation by WT in response to TMP stress [related to Figures 1 and
Figure 3]: Biofilm quantification by crystal violet staining (Aseo data plotted as mean * SD)
showed that biofilm production in WT increases upon exposure to sub-inhibitory, but stress
inducing, TMP concentrations i.e. 0.25xMIC (0.125 pug/mL) and 0.5xMIC (0.25 ug/mL) (p-value

<0.01).
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59 Supplementary Tables

60 Table S1: DEGs in the 32xR E. coli [related to Figure 1]: log.FC is the mean log.FC for the
61  32xR1 and 32xR2 strains

Gene | log.FC | Gene | log.FC | Gene | log.FC | Gene | log.FC | Gene | log,FC
ais 1.81 recN | 1.76 yeeD | 2.55 codB | -1.99 maeA | -1.1
allB 1.61 recX | 3.49 yeeE | 2.88 cyaA | -1.21 metE | -2.01
aphA | 1.41 rfaB 1.29 yegd |1.33 cybB | -1.75 mipA | -1.06
aspA | 2.82 rfal 1.02 yfaE | 1.18 entD |-1.24 mntH | -1.17
betB | 1.87 rfaS 1.21 yfbP | 1.57 fdnH | -1.19 modA | -1.73
betl 24 rhsA | 1.32 yfcV | 1.53 fecR | -1.18 modB | -1.63
cadA | 1.02 rhsD | 2.61 yfdY | 1.21 fepA | -1.54 modC | -1.87
csiE | 1.71 ribB 1.06 ygcK | 1.21 fhuE | -2.04 modF | -1.2
dinG | 1.26 rmf 1.78 ygelL | 2.06 fimA | -5.72 motA | -4.91
dinl 213 ruvA | 1.56 ygcO | 1.03 fimC | -3.58 motB | -5.29
dind | 1.33 sbmC | 1.54 ygdQ | 1.02 fimD | -2.42 ndh -1.44
dinQ | 2.83 sfmD | 1.3 ygiS |29 fimF | -2.66 ompF |-1.35
emrE | 1.35 smpA | 1.06 ygiT | 3.47 fimG | -2.62 ompT | -3.47
fimB | 1.31 SucA | 1.34 ygiv | 1.24 fimH | -2.02 OppA | -1.17

fime | 1.21 SulA | 3.57 ygiW | 2.3 fiml -4.58 pntB | -1.45
folA 4.27 tauA | 1.16 ygiZ |1.02 fiu -2.84 pggl | -3.6
frc 1.1 tauB | 1.01 ygiN | 2.46 flgA -4.89 pyrB | -3.06
ftnB 1.6 tdeB | 1.33 yhdN | 1.43 flgB -5.87 pyrD | -1.53
gadA | 2.82 tfaE 1.9 yhhH | 1.42 figC -5.85 pyrl -3
gadB | 2.79 tisA 4.8 yhiD | 3.02 flgD -5.94 rnb -1.11

gadC | 2.15 tisB 5.07 yhiM | 2.34 flge -5.55 rsxD | -1.1

gadE | 3.55 torA | 3.53 yhiP | 2.35 flgF -5.63 rsxe | -1.11
gadX | 3.37 torC | 5.91 yhiX | 4.66 flgG | -5.31 rsxG | -1.06
galE | 1.89 torD | 3.09 yibA | 117 flgH | -4.87 sapA | -1.33
glgS | 1.33 tory | 2.07 yibD | 1.88 flgl -4.69 serA | -3.03
gltS 1.42 tyrP 1.01 yibT | 1.42 flgd -4.68 shiA -1.18
glyA | 1.26 umuC | 3.95 yibvV | 2.22 flgK -5.19 speD | -1.36
guaA | 1.28 umuD | 3.15 yjbd | 1.33 flgL -4.7 speE | -1.26
hdeA | 3.36 wcaD | 1.58 yjbM | 1.04 flgM | -4.73 sufD | -1.21
hdeB | 3.14 wcaE | 1.79 yjbR | 1.46 flgN | -4.71 tap -5.49
hdeD | 2.74 wcaF | 1.38 yjeN | 1.48 flhA -3.2 tar -6.11
hflB 1.17 xapR | 1.41 yjfJ 1.14 flhB -3.99 thrA -2.41
hha 1.14 XisE | 5.66 yjifK 2.32 flnE -3.66 thrB -2.07
hlyE | 1.28 yacL | 1.51 yjhl 2.67 fliA -5.4 thrC -2.18

htrL 1.46 yadC | 1.19 ymfD | 1.9 fliC -5.69 trg -2.32
hybO | 1.86 yadl | 1.17 ymfJ | 5.96 fliD -5.47 trpE -6.27
idnD | 1.05 yadK | 1.81 ymfL | 4.8 fliE -4.31 tsr -4.83

intE | 5.64 yafK | 1.14 ymfM | 4.33 fliF -5.2 tyrR -1.11
iraP | 1.46 yafQ | 1.24 ymfN | 4.16 fliG -5.35 ves -2.74
lamB | 2.47 yagK | 1.1 ymfQ | 3.33 fliH -5.08 ycgR | -4.96




62

63

64

65

66

67

68

69

70

71

lit 1.59 yagL | 1.14 ymfR | 3.51 flil -5.15 yciT -2.06
Gene | log.FC | Gene | log.FC | Gene | log.FC | Gene | log.FC | Gene | log,FC
livd 3.18 yahA | 2.59 ymfS | 1.16 fliJ -5.38 yciZ -1.71
IrhA 1.2 yahL | 1.17 ymfT | 4.37 fliK -4.84 ycjF -1.3
lysU | 3.38 ybaJ | 1.44 ymgA | 4.91 fliL -5.47 ycjQ | -1.12
malK | 2.88 ybaS | 1.58 ymgB | 4.16 fliM -5.51 ygU | -1.5
malM | 2.4 ybaT | 1.29 ymgC | 3.54 fliN -4.99 ygX |-1.23
malP | 1.57 ybbC | 2.21 ynbB | 1.27 flio -4.86 ydcA | -1.11
malQ | 1.14 ybcL | 1.71 yoaC | 1.37 fliP -4.89 ydcM | -1.16
matA | 2.14 ybcM | 1.88 yoeB | 1.78 fliQ -4.66 yddA | -3.21
mcrA | 2.16 ybcS | 1.03 ypfM | 2.56 fliR -3.34 yddB | -3.09
mdtE | 1.36 ybeD | 1.31 yrbL | 1.06 fliS -5.18 ydeA | -1.41
mdtF | 1.57 ybhQ | 1.48 zntR | 1.55 flit -4.95 ydeE | -1.24
mokC | 1.31 ybiU | 1.08 aceA | -242 fliz -5.22 ydfH | -1.21
mqgsR | 4.15 ybivV | 1.03 aceB |-2.5 fIxA -4.8 ydfX | -1.12
nrdA | 1.26 ycbW | 2.27 aceK |-2.25 gcvH | -2.46 ydfZ | -1.82
nrdB | 1.43 yedT | 2.72 adk -1.27 gcvP | -2.41 ydgA | -1.04
obgE | 1.93 ycdU | 2.83 aroA | -1.19 gevl | -2.74 ydgl -1.03
osmB | 1.62 yced | 1.72 aroH | -2.63 gltB -5 ydiE -2.23
pabC | 1.47 yceO | 1.51 bglX | -1.06 gltD | -4.65 yecR | -2.7
phoA | 1.57 ycfK | 1.63 carA | -2.79 hisA | -1.03 yeiE -1.14
potE | 1.11 ycgZ | 3.68 carB |-2.43 hisH | -1.09 ygfF -1.97
proV | 1.62 ydhY | 1.04 cheA | -5.78 hmp | -1.25 yghd | -1.27
pspG | 1.7 ydjF | 1.42 cheB | -5.11 htpG | -1.3 yhhJd | -1.24
purC | 1.19 ydiH | 1.1 cheR | -5.34 ilvH -1.57 yhiG | -1.17
gseB | 1.64 yeal 1.29 cheW | -6.09 ilvi -1.81 yhjH | -4.97
gseC | 1.03 yebF | 2.41 cheY | -5.37 leuA | -1.73 yjcZ -3.12
rbsD | 1.87 yebG | 2 cheZ |-5.13 leuB | -1.98 yjdA -1.44
rcsA | 1.75 yebN | 1.96 CirA -2.34 leuC |-1.93 ykfB -1.11
recA | 2.35 yedW | 1.23 codA | -1.7 leuD | -1.76 ymdA | -2.5
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Table S2: Confirmation of fold change obtained from microarray with qPCR [related to
Figure 1]: Mean log.FC of 3 DEGs viz. folA, hdeA and gadX in 4xR1, 4xR2, 32xR1 and 32xR2
obtained from microarray and gPCR (rp/F and 16s as housekeeping controls). The gPCR was
carried out using the same RNA that was used for microarray.

Gene Type 4xR1 4xR2 32xR1 | 32xR2
folA Microarray | 2.85 3.87 4.7 3.78
folA rplF 3.49 3.64 5 3.45
folA 16s 3.01 3.86 4.32 3.63
hdeA Microarray | 2.51 3.71 3.82 3.02
hdeA rplF 2.8 3.44 4.47 3.14
hdeA 16s 2.31 3.65 3.79 3.32
gadX Microarray | 2.23 1.98 3.51 3.27
gadX rplF 2.6 1.61 3.36 2.92
gadX 16s 211 1.82 2.67 3.09

Table S3: Selection of top-ranked shortest paths (top-paths) for 32xTopNet generation
[related to Figure 2]: Shortest paths were sorted according to path cost and subsets of top-
ranked shortest paths (top-paths) were analysed. DEG enrichment was estimated for different
subsets. The number provided in bracket is the percentage of total genes (G=3435) or DEGs
(D=345) that were picked in a particular subset. For topnet extraction, we sought a subset
such that d > 0.75*D and hypergeometric enrichment p-value < 0.05. The hypergeometric
probability is a measure of how many successes (DEGs-d) are included in a subset of the
population (topnet-g) as compared to successes (D) present in the entire population (G).
Subset containing top 0.4% top-ranked shortest paths (top-paths) was seen to satisfy these
requirements.

% Top-paths | No. of Total no. of genes DEGs (d) | Enrichment p-
Paths (9) (%) (%) value
0.05 4207 511 (15) 117 (34) 3.27E-22
0.1 8413 923 (27) 157 (45) 2.96E-16
0.15 12621 1478 (43) 203 (59) 3.66E-11
0.2 16828 2040 (59) 235 (68) 4.61E-05
0.25 21035 2172 (63) 240 (70) 0.001
0.3 25242 2308 (67) 248 (72) 0.007
0.35 29449 2415 (70) 252 (73) 0.047
0.4 33656 2509 (73) 269 (78) 0.003
0.45 37863 2863 (83) 292 (85) 0.086
0.5 42070 2961(86) 296 (86) 0.345




92 Table S4: : Confirmation of upregulation of genes in 32xR E. coli with qPCR [related to
93  Figure 2]: (a) Normalized fold expression of: glyA, csgD, GASR (gadA, gadB, gadE) genes in
94  WT grown in 0.125 pg/mL TMP, and 32xR1, 32xR2 and the clinical isolate (Cl) grown in
95 absence of TMP (b) gcvT in WT grown in 0.125 pg/mL TMP and CI grown in 16 pg/mL TMP;
96 as compared to WT grown in the absence of TMP. Average of two replicates is shown (c)
97  Primers and annealing temperatures.

98 (a) Normalized fold expression

Gene WT-0.125 pg/mL TMP 32xR1 32xR2 cl
glyA 2.24 28.24 1.08 1.86
csgD 0.90 32.45 0.43 32.77
gadA 2.01 11.41 13.96 33.10
gadB 2.78 6.74 7.66 45.57
gadE 3.09 1.41 9.49 85.09
99
100 (b) Normalized fold expression
101 Gene | WT-0.125 pg/mL TMP | CI-16 pg/mL TMP
102 folA | 3.42 2.14
govT | 0.29 0.69
103 glyA | 3.12 2.00
104

105 (c) Primers and annealing temperatures

Gene Primer sequence (5°-3’) Ta (°C)
16s FP | CGGACGGGTGAGTAATGTCT | 58
rRNA RP | CTCAGACCAGCTAGGGATCG
glyA FP | GGCTGGACGTTAGCGTAGTC | 58
RP | CTGATCGCCTCCGAAAACTA
csgD FP | CGATGAGTAAGGAGGGCTGA | 58
RP | TACCGCGACATTGAAAACTG
gadA FP | TTATGGACGTTTTCGTCGTC 55
RP | GAAGCTGTTAACGGATTTCC
gadB FP | GCGGATTGCGGATATTCTTC 55
RP | AGAATCAAAACGTTTTCCGC
gadE FP | TGGTAAACACTTGCCCCATAA | 55
RP | GTGACGATGTCGCTCATACG
gevT FP | TGCCTCTGGCGGTGTGATAG | 58
RP | ACAGTGTGGCAGCTTTTGCC
folA FP | GATTGCGGCGTTAGCGGTAG | 58
RP | TTACGCGATCGTCCGTACCC
106
107

108



109 Table S5: Generations completed after a particular number of hours by BW25113 and its
110  glyA knockout [related to Figure 3]: It is seen that both strains complete similar number of
111  generations after every 12 hours. Over a period of 14 days, ~180 generations are completed.

Hours BW25113: mean | BW25113: SD AglyA: mean | AglyA: SD
Dec-24 6.24 0.03 6.43 0.13
36 12.92 0.14 13.26 0.13
48 19.53 0.37 20.8 0.03
60 26.28 0.1 26.8 0.11
72 32.88 0.14 33.41 0.08
84 39.15 0.21 39.53 0.3
96 45.57 0.17 45.96 0.1
108 52.52 0.13 53.12 0.12
120 59.34 0.13 59.79 0.25
132 65.87 0.07 66.2 0.22
144 72.39 0.15 72.91 0.48
156 79.06 0.14 79.25 0.56
168 85.8 0.17 85.75 0.57
180 92.38 0.1 93.13 0.17
192 99.03 0.13 99.66 0.18
204 105.28 0.1 105.97 0.15
216 112.63 0.1 112.94 0.29
228 119.17 0.91 119.36 0.8
240 125.57 0.1 126.2 0.14
252 132.63 0.13 132.67 0.28
264 139.1 0.07 139.43 0.21
276 145.69 0.13 146.21 0.23
288 152.27 9.25 152.91 0.14
300 159.08 0.09 159.47 0.25
312 165.62 0.22 166.41 0.13
324 172.09 0.12 172.79 0.08
336 178.11 0.16 179.3 0.24
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Transparent Methods

Strains, media, antibiotics and growth conditions: E. coli K12 MG1655 was used as the WT
parent for evolution of 32xR (TMP-resistant) E. coli. Another K12 strain- E. coli BW25113 and
BW25113:AglyA from the Keio collection, used for comparative evolution were purchased
from the Coli Genetic Stock Centre, Yale University, New Haven, USA and revived using LB
and LB-25 ug/mL kanamycin respectively as per instructions (Baba et al., 2006). The MDR-
clinical isolate of uropathogenic E. coli was obtained from Ramaiah Memorial Hospital,
Bangalore, India. All strains were grown in M9 minimal medium supplemented with 0.4%
glucose and 0.4% Bacto™ casamino acids, at 37°C and 180 rpm. The clinical isolate and 32xR
E. coli were maintained in M9-16 pg/mL TMP to prevent loss of resistance. TMP (2 mg/mL),
kanamycin (50 mg/mL) and chloramphenicol (35 mg/mL) were prepared in DMSO, distilled
water and methanol respectively, filter sterilized and stored at -20°C.

Minimum inhibitory concentration (MIC) measurement: Two-fold serial dilutions of TMP
were prepared in a sterile 96- well plate in a final volume of 100 uL per well and inoculated
with an appropriately diluted overnight culture such that each well contained ~5 x 10° cells.
Estimation of cell density was carried out using freshly prepared McFarland’s turbidity
standard no. 0.5 (0.05 mL 1% BaCl, and 9.95 mL 1% H.SO,). The lowest concentration that
visibly inhibited growth (Asw < 0.2) was noted as the MIC. Experiments were performed in
triplicates.

Evolution of TMP-resistant (32xR) E. coli: Two well isolated colonies were selected and
overnight cultures of the same were used to inoculate (1%) 20 mL M9 for WT controls and M9
with a sub-inhibitory concentration of TMP (0.125 pg/mL; 0.25 x MIC) for the evolution of
resistant E. coli. Thus, a control and a resistant culture were derived from each colony. The
TMP exposed cultures were allowed to attain an Ase ~ 0.6, following which they were used to
inoculate the next batch of media containing a two-fold higher concentration of TMP, such that
the initial Asoo was at least 0.1. In all iterations thereafter, the TMP concentration was doubled
until a concentration of 16 pg/mL (32 x MIC) was achieved. Adaptation beyond this
concentration was not continued since it is likely to be outside the physiologically encountered
range, as TMP is toxic to the host at a concentration of 20 ug/mL (Schulz and Schmoldt, 2003).

Microarray and transcriptome analysis

Samples: Cells were harvested from 40 mL exponential phase (Aswo ~ 0.5) cultures of WT1,
WT2, 4xR1, 4xR2, 32xR1 and 32xR E. coli at 5000 rpm for 10 minutes, snap frozen and stored
at -80°C. RNA was extracted using RNeasy Mini Kit (Qiagen). Quantification and estimation of
purity with Azsnso was done using NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies). Integrity of RNA was verified on Agilent 2100 Bioanalyzer using RNA 6000
Nano LabChip (Agilent Technologies).
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Labelling and hybridization: Labelling was performed using Quick-Amp Labelling Kit, One
Colour Part Number 5190-0442 (Agilent Technologies), which employs T7 RNA polymerase
which simultaneously amplifies target RNA and incorporates Cy3-labelled CTP. Hybridization
of labelled RNA was done using Gene Expression Hybridization Kit (Agilent Technologies). A
custom E. coli 8x15k array (AMADID: 019439) was used. RNA extraction, hybridization and
data collection were done by Genotypic Technology Private Limited, Bangalore, India.

Transcriptome analysis: Raw data was processed using the limma package of R Bioconductor
(Gentleman et al., 2004; Ritchie et al., 2015). Pre-processing included background correction,
quantile normalization and filtering out of control and low expressing probes (R code in
Supplementary Files). To filter out low expressing probes, 95" percentile of intensity values of
all negative control probes on the array was calculated and probes expressing at least 15%
brighter than this value were retained. Normalized signal intensity values for genes were
obtained as corrected log; transformed, probe averaged values of their respective raw signal
intensities. Data fitting was performed using the linear modelling function “ImFit” in the limma
package and a pairwise comparison between gene expression profiles of the three conditions
was carried out to identify differentially expressed genes (DEGs): genes with log.Fold Change
(FC) 2 1 (FDR-adjusted p-value < 0.05) between the WT and 4xR or 32xR E. coli were
considered as DEGs. Gene enrichment analysis for DEGs was carried out using PANTHERv13
and the ClueGo v2.3 (Bindea et al., 2009; Mi et al., 2010).

E. coli protein-protein interaction network (EcPPIN) and 32xNet construction: Base
network/EcPPIN: Interactions between proteins in E. coli MG1655 were downloaded from
STRING database v10 (Szklarczyk et al., 2015). STRING is a collection of direct (physical) and
indirect (functional/regulatory) interactions between proteins observed through experiments
or predicted (inferred) from bioinformatics methods based on domain fusion, phylogeny, gene
co-expression and gene neighbourhood considerations. Each interaction in the database is
associated with a confidence score on a scale of 0 to 1000 and interactions with score = 700
are marked as “high-confidence”. Only 19750 high-confidence interactions with a combined
score 2 850 or experimental score = 700 were selected. Mapping of gene names to b numbers
(STRING v10 uses b numbers) was done using EcoGene 3.0 database (Zhou and Rudd, 2013).
Finally, 19022 interactions between 3435 proteins for which we had gene expression data
were retained for further analysis.

Several biological interactions are unidirectional and therefore, adding directions to a protein
interaction network makes it biologically meaningful. Directions for regulatory interactions (TF
- gene) were obtained from STRING v10, RegulonDB v7, EcoCyc and a study on organization
of gene regulation in E. coli (Gama-Castro et al., 2011; Keseler et al., 2011; Shen-Orr et al.,
2002; Szklarczyk et al., 2015). Directions for metabolic interactions were obtained from the E.
coli genome scale metabolic reconstruction model iJO1366 using code developed earlier for
extracting directed interactions between enzymes from a mathematical model (Asgari et al.,
2013; Orth et al., 2011). Directions for interactions between genes encoding two component
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systems were obtained from the KEGG database (Kanehisa and Goto, 2000). After a final round
of manual curation, a high-confidence genome scale network, ECPPIN, containing 3498 genes
and 24542 interactions of which 13631 (55.5%) were directed, was obtained.

32xNet: For 32xNet construction, weights were added to the genes (nodes) in ECPPIN i.e. it
was made condition-specific to reflect transcriptomic differences between WT and 32xR E.
coli. The node weight (NW) for a gene i in ECPPIN was the absolute log,FC calculated as;

NWi = |Ri — Wil

where R; and W; are the fitted mean log. transformed signal intensities of gene i in 32xR (mean
of 32xR1 and 32xR2) and WT (mean of WT1 and WT2) respectively.

Edge weight (EW;) for an interaction between genes i and j was calculated as;
EWi; = NWi x NW;j

Shortest paths estimation and analysis of 32xTopNet: Inversed edge weight(s) (EW’;) for
implementation of Dijkstra's algorithm were calculated as;

EW’ j_j = (EWmax+Eij_n) _EWij ;

where EWnax and EWnin are the maximum and minimum edge weights in the network. Finally,
normalized path cost was calculated as

Path cost = (ZEW’ij)/n
where n is the number of edges in the path.

Shortest paths were sorted(ranked) according to path cost and subsets (0.05% to 0.5% paths
at an interval of 0.05%) containing top-ranked shortest paths (top-paths) were evaluated for
DEG enrichment with hypergeometric test using SuperExactTest considering a total (n) of
3435 genes (Wang et al., 2015) (Table S3). Identification of clusters was done using
ClusterONE in Cytoscape (Nepusz et al., 2012; Shannon et al., 2003).

Biofilm quantification

Crystal violet staining: WT was grown in 2 mL M9, M9-0.125 mg/L TMP and M9-0.25 mg/L
TMP and 32xR strains were grown in 2 mL M9 and M9-16 mg/L TMP over a period of 5 days
at room temperature without shaking in 24-well plates. Post incubation, the culture was
decanted, the wells were gently washed with PBS and stained with 1% crystal violet for 15
minutes. Excess unbound dye was rinsed away with three distilled water washes.
Quantification of the biofilm on the sides and the bottom of each well was done by dissolving
the crystal violet with 2 mL absolute ethanol and recording the absorbance
spectrophotometrically at 590 nm.

Scanning electron microscopy: The experiment was set up as described for the crystal violet
staining with the addition of a sterile coverslip at the bottom of each well. Post incubation, the
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culture was decanted, and the coverslips were transferred to clean wells, fixed with 2.5%
glutaraldehyde for 24 hours at 4 °C and washed with PBS post incubation. Serial dehydration
was carried out using pre-chilled 30%, 50%, 70%, 80%, 90%, 95% and 100% ethanol. Vacuum
desiccated coverslips were coated with gold for 38 seconds and images at 4000X, 8000X and
12000X were recorded using Thermo Scientific™ Quanta™ ESEM™ microscope.

Generation of glyA knockouts: Gene knockout was performed according to the protocol
described elsewhere (Datsenko and Wanner, 2000). Briefly, E. coli was transformed with a
plasmid pKD46 which has the red recombinase enzyme under the control of PBAD promoter,
inducible by arabinose. Transformants harbouring pKD46 were grown in 5 mL of M9
containing ampicillin (50 pg/mL) and L-arabinose (20 mM) at 30°C. pKD3 was used for the
amplification of the chloramphenicol resistance gene. Competent cells were transformed with
the chloramphenicol resistance gene flanked by the homologous sequence of glyA.
Transformants were selected on chloramphenicol (35 pg/mL) containing M9 plate. Putative
knockout colonies were screened by a PCR based method with confirmatory primers and
chloramphenicol resistance internal primers. The sequences of the primers used in this study
are: 5’ CTGTTATCGCACAATGATTCGGTTATACTGTTCGCCGTTGCATATGAATATCCTCCTTAGS
(Forward) and
5’ ACATTGACAGCAAATCACCGTTTCGCTTATGCGTAAACCGGTGTAGGCTGGAGCTGCTTC3
(Reverse).

Comparative evolution: In a 96 well plate, two-fold dilutions of TMP were prepared ranging
from 16 pg/mL to 0.125 pg/mL in a final volume of 100 pL and inoculated with 1 L log phase
cultures of BW25113:AglyA and its wild-type parent E. coli BW25113 obtained from 6 well
isolated colonies of each strain. The plate was incubated at 37 °C for 12 hours and 1 pL culture
from the well with the highest TMP concentration showing an Aso = Asoo Of the corresponding
well without TMP (un-inhibited growth), was used to inoculate the next plate. Successive
inoculations were carried out every 12 hours for 14 days. The generations completed in 12
hours for each replicate were calculated using a previously used formula (Zampieri et al.,
2017): logz(Asoo (fin)/Aso0(0)/100); where Asoo(fin) is the Asoo obtained after 12 hours for a well
X and Aeoo(0) is the Asoo of the well from which 1 pL of the culture was taken for inoculation of
well X.
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