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Abstract 29 

This study examined the decay kinetics and molecular responses of two E. coli strains upon solar 30 

irradiation. The first is a virulent and antibiotic resistant E. coli PI-7, carrying the emerging 31 

NDM-1 antibiotic resistance gene that was isolated from wastewater. The other strain, E. coli 32 

DSM1103, displayed lower virulence and antibiotic resistance compared to E. coli PI7. In buffer 33 

solution, E. coli PI-7 displayed a longer lag-phase prior to decay and a longer half-life compared 34 

with E. coli DSM1103 (6.64 ± 0.63 h and 2.85 ± 0.46 min vs. 1.33 ± 0.52 h and 2.04 ± 0.36 35 

min). In wastewater, both E. coli decayed slower compared to when in buffer. Although solar 36 

irradiation remained effective in reducing E. coli cell numbers by more than 5-log10 in < 24 h, 37 

comparative genomics and transcriptomics revealed differences in the genomes and overall 38 

regulation of genes between the two E. coli. A wider arsenal of genes related to oxidative stress, 39 

cellular repair and protective mechanisms were upregulated in E. coli PI-7. Subpopulations of 40 

the E. coli PI-7 expressed genes related to dormancy and persister cells formation during the late 41 

decay phase, which may have accounted for its prolonged persistence. Upon prolonged solar 42 

irradiance, both E. coli strains displayed upregulation of genes related to horizontal gene transfer 43 

and antibiotic resistance. Virulence functions unique to E. coli PI-7 were also upregulated.  44 
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1. Introduction 45 

Untreated municipal wastewater and wastewater treatment plants, with their abundance 46 

of nutrients, high bacterial numbers and sub-lethal levels of antibiotics, are considered 47 

favourable for both the survival of antibiotic-resistant bacteria (ARB) and the horizontal transfer 48 

of bacterial resistance. Collectively, the wastewater is implicated as a key player in the creation 49 

of superbugs and the dissemination of these emerging contaminants 1, 2. The release of antibiotic-50 

resistant organisms through wastewater effluents has previously been reported 3-5. In an 51 

investigation of the performance of a conventional wastewater treatment plant using activated 52 

sludge process and chlorination as the tertiary treatment step, it was found that 2.8% of 72 53 

isolates that remained viable in the chlorinated effluent were susceptible to all 8 tested 54 

antibiotics, while 27.8% were resistant to 5 or more antibiotics 4. A separate study also reported 55 

that antimicrobial-resistant E. coli was not effectively eliminated by the wastewater treatment 56 

process, and that E. coli that are resistant to cefotaxime, ciprofloxacin and cefoxitin were present 57 

in the final treated effluent 3.  58 

Among the ARB increasingly being identified as present in wastewater are bacteria 59 

coding for carbapenemases, specifically the New Delhi metallo-β-lactamase (NDM). The spread 60 

of mobile carbapenemases among bacterial pathogens is of great concern, not only because these 61 

enzymes confer resistance to carbapenems and other β-lactam antibiotics, but also because of the 62 

evident ease of mobility of this resistance. NDM-harboring bacteria typically are broadly 63 

resistant to multiple other antibiotic classes, leaving very few treatment options available 6-9. 64 

Although mainly detected in clinical settings, there have been numerous reports of community-65 

acquired infections from NDM-harboring opportunistic pathogens 6, 10 as well as reports of the 66 

presence of blaNDM-1 and NDM1-harboring bacteria in urban wastewater 7, 11. For example, 67 
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blaNDM-1 genes was consistently detected throughout the different treatment stages, including 68 

chlorinated effluent, in two wastewater treatment plants (WWTPs) in northern China 11. These 69 

findings implicating wastewater as a source of NDM-harboring bacteria and blaNDM-1 genes 70 

exacerbate the potential risks associated with the reuse of wastewater. This is of particular 71 

relevance in countries like Saudi Arabia where the pressure on water sources is high due to water 72 

scarcity, and there are plans to employ treated wastewater to alleviate considerable portions of 73 

this water-scarcity pressure 12. In addition to the earlier studies, an E. coli, named E. coli PI-7, 74 

that displays resistance to a wide range of antibiotics was isolated from the influent stream of a 75 

WWTP in Jeddah, Saudi Arabia 13. Upon further investigation, it was found that this isolate 76 

carries the blaNDM-1 gene on a plasmid that, based on sequence comparisons, is thought to have 77 

been horizontally acquired from a Klebsiella oxytoca isolate 14. Moreover, genomic islands 78 

associated with pathogenicity have also been found in E. coli PI-7, suggesting that this strain is a 79 

potential pathogen that remains viable in the sanitary infrastructure. 80 

To shed light on to what extent the virulent and antibiotic resistant bacteria presence in 81 

treated wastewater would pose as a risk to public health during reuse events, it is key to 82 

understand the fate and persistence of this emerging microbial contaminant. An example would 83 

be to understand the effect of solar irradiation as a biocidal barrier to dissemination of ARB in 84 

the environment. Studies on the efficacy of solar photoinactivation on pathogenic waterborne 85 

bacteria and pathogen indicators have reported variable findings. Many studies found rapid 86 

inactivation of fecal indicator organisms within a few hours’ exposure to natural sunlight, and it 87 

is reported that all of the classically defined waterborne pathogenic bacteria have been found to 88 

be readily amenable to 6 h of solar disinfection under suitable field conditions 15-19. However, 89 

numerous studies also report that in certain instances, naturally occurring fecal coliforms have 90 
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shown much slower inactivation rates, and indicator bacteria may still remain detectable after a 91 

full day’s sunlight exposure 20-25. In particular, sub-populations of E. coli were found to be light-92 

resistant and persisted for a longer period of time upon solar irradiation 16.  93 

Although these studies demonstrate the decay kinetics of pathogenic waterborne bacteria 94 

and pathogen indicators, information is lacking on the effect of solar photoinactivation on ARBs, 95 

their fate and persistence, as well as an understanding of their response at the molecular level. 96 

This study examines the decay kinetics of the emerging contaminant, a virulent antibiotic 97 

resistant (carrying the concerning blaNDM-1 gene) wastewater E. coli PI-7, upon solar irradiation 98 

in buffer and wastewater matrix so as to provide understanding on its fate and persistence upon 99 

dissemination into the natural environment. A non-virulent and less antibiotic resistant 100 

commensal E. coli isolate DSM1103 was also examined for its decay kinetics upon solar 101 

irradiation. The gene expression profiles of both isolates, which possess different genomic 102 

content, over an increasing duration of exposure to simulated solar irradiance were mapped by 103 

transcriptomics. This study serves to elucidate protective genetic mechanisms expressed by both 104 

isolates against solar biocidal effect, and expressions of concerning traits such as those related to 105 

virulence, horizontal gene transfer and antibiotic resistance mechanisms.  106 

2. Materials and methods 107 

2.1. Bacterial isolates and genome characteristics 108 

E. coli DSM1103 (also known as ATCC25922) and E. coli strain PI-7, isolated from the 109 

influent stream of a WWTP in Jeddah, Saudi Arabia 13 were studied for their inactivation kinetics 110 

upon solar irradiation. A summarized comparison of the genomes of both isolates is provided in 111 

Table S126, 27. Briefly, E. coli PI-7 was resistant to a wide spectrum of antibiotics (e.g. 112 

gentamicin, ampicillin, kanamycin, ceftazidime and sulfamethoxazole-trimethoprim, 113 
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chloramphenicol and erythromycin, tetracycline and carbapenem) and carries the blaNDM-1 gene 114 

on an IncF plasmid of 110 kbp in size. E. coli PI-7 was also identified to contain genomic islands 115 

associated with pathogenicity (e.g. colonization fimbriae antigen I, two intimin-like proteins 116 

associated with EHEC and EOEC pathogens, type III secretion system), and demonstrated in-117 

vitro cell invasiveness. E. coli DSM1103 was originally isolated from a human clinical sample 118 

collected in Seattle and WA (1946). In contrast to the E. coli PI-7, genomic characterization of E. 119 

coli DSM1103 did not reveal as wide repertoire of virulence-associated traits and antibiotic 120 

resistance genes as E. coli PI-7 28. Furthermore, E. coli DSM1103 is a recommended quality 121 

control strain for disc susceptibility testing and demonstrates susceptibility to a wide variety of 122 

antibiotics (http://www.atcc.org/products/all/25922.aspx).  123 

2.2. Wastewater collection and quality testing 124 

Wastewater samples were collected from the WWTP in KAUST, Saudi Arabia. The 125 

WWTP is equipped with the following process units: (i) a grid mesh screen to remove bulky 126 

items in the incoming wastewater stream, (ii) a primary clarifier, (iii) anoxic-oxic activated 127 

sludge tank, (iv) an aerobic membrane bioreactor (MBR), and (v) a holding tank for chlorination. 128 

Twenty L of effluent was collected after the aerobic MBR, and the same volume of chlorinated 129 

effluent was collected from the holding tank. Both wastewater samples were vacuum-filtered 130 

through 0.2 µm polycarbonate membranes filters (GE Healthcare Life Sciences, Little Chalfont, 131 

Buckinghamshire, UK) on the day of the collection, A number of water quality parameters 132 

including pH, chemical oxygen demand (COD), total dissolved organic carbon (DOC), total 133 

nitrogen (TN), specific ultraviolet absorbance (SUVA) and alkalinity (reported as mg CaCO3/L) 134 

and chlorine residual were measured as detailed in Supplementary Information 1.   135 

2.3. Decay kinetics upon solar inactivation  136 

http://www.atcc.org/products/all/25922.aspx
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Solar inactivation trials were conducted as described in Supplementary Information 2. 137 

The number of colony forming units (CFU)/mL in the experimental microcosms was quantified 138 

over time. The results were converted to log10 and natural log (ln) curves of the CFU/mL 139 

obtained at each sampling time divided by the initial CFUo/mL (i.e., log(CFU/CFU0) or 140 

ln(CFU/CFU0)), and plotted against time to obtain the inactivation curves. Slopes (k) of dark 141 

control and irradiated sample inactivation curves were calculated from the ln curves, with the 142 

following to note: in cases where the length of lag prior to decay phase was longer than 2 h, the 143 

curve was considered to be bi-modal and the lag-phase data points were excluded from slope 144 

calculation. The attenuation of light penetration into microcosms due to sample turbidity was 145 

mathematically corrected for as described previously 29, 30. Briefly, prior to each simulated solar 146 

inactivation trial, a sample from each microcosm was taken, and its absorbance at 280-700 nm 147 

was measured using UV-3600 UV-Vis spectrometer (Shimadzu, Kyoto, Japan). The readings 148 

were used to generate correction factors that were applied to slopes of decay curves prior to half-149 

life calculations and statistical comparisons, which were conducted as described in 150 

Supplementary Information 3. Half-lives of the E. coli, or durations needed to reduce 151 

concentration by half, were calculated using first-order decay kinetics equation: 152 

ln(CFUt/CFU0)=-k*t 153 

Where k* is the corrected slope of the inactivation curve, and t is time. 154 

2.4. RNA-seq sampling and analysis 155 

RNA-Seq was performed to provide comparative analysis of gene expression. Samples 156 

were taken at five points for E. coli PI-7 to capture the gene expression at different phases of the 157 

bacterial CFU inactivation curves, namely (i) prior to solar irradiation (0 h), and during the (ii) 158 

mid-lag phase (3 h), as well as (iii) early- (6.5 h), (iv) mid- (9 h) and (v) late-decay (14.5 h) 159 
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phases. A similar approach was performed for E. coli DSM1103 at four sampling points, 160 

capturing the gene expression of cultures (i) prior to solar irradiation (0 h), and during the (ii) 161 

early- (2h), (iii) mid- (3.5 h) and (iv) late-decay (6.5 h) phase. Although the exposure duration is 162 

different for the two strains, the main intention was to capture the expression profiles at different 163 

stages of each isolate’s inactivation based on viable cell numbers in accordance to the decay 164 

kinetics observed in Figure 1. For each E. coli strain, two solar inactivation experiments were 165 

independently conducted for RNA sampling to obtain two biological replicates and two technical 166 

replicates at each sampling point. RNA preservation, extraction and sequencing were performed 167 

as described in Supplementary Information 4. The RNA-seq data was analyzed using CLC 168 

Genomics Workbench version 8.0.1 from CLC Bio (Cambridge, MA), as described in 169 

Supplementary Information 5 31. All transcriptomic sequences associated with E. coli PI-7 and E. 170 

coli DSM1103 are available on the ENA SRA public depository under accession numbers 171 

PRJEB13897 and PRJEB13888, respectively. Summarized RNA-seq mapping results for both 172 

strains are shown in Table S2 and S3, and Supplementary Information 6. Confirmation of RNA-173 

seq results using reverse-transcription quantitative PCR (RT-qPCR) was performed as described 174 

in Supplementary Information 7 and 8, and Table S4. 175 

2.5. Solar inactivation in presence of efflux pump inhibitor 176 

Transcriptomic results showed upregulation of efflux pump genes in E. coli PI-7 and 177 

DSM1103. To verify the role of efflux pumps on the decay kinetics of the two E. coli upon solar 178 

irradiance, and as additional and non-molecular method of confirming transcriptomic results, 179 

inactivation trials were performed on E. coli PI-7 and DSM1103 in presence or absence of Phe-180 

Arg-β-naphthylamide (PAβN), a known RND-type (Resistance-Nodulation-Division) efflux 181 

pump inhibitor. The bacteria was grown and prepared for inactivation trials in similar way as 182 
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detailed in Supplementary Information 2. PAβN was then added to the microcosms at 50 µg/mL 183 

or 0 µg/mL prior to simulated solar inactivation trials or as dark controls. The concentration of 184 

PaβN (i.e., 50 µg/mL) was decided based on preliminary trials, which determined no apparent 185 

change in the turbidity of overnight E. coli PI-7 cultures in the presence of PaβN alone, 186 

suggesting PaβN imposes no toxicity on E. coli PI-7 at this concentration. However, lower 187 

turbidity was observed when E. coli PI-7 was grown in presence of PaβN and 50 µg/mL 188 

tetracycline (a concentration lower than its minimum inhibitory concentration of 64 µg/mL10), 189 

suggesting a possible impact on the efflux pump mechanism. 190 

 191 

3. Results 192 

3.1. Inactivation kinetics of E. coli PI-7 and DSM1103 in different water matrices 193 

  The inactivation response of the bacterial isolates under simulated solar irradiation in 194 

buffer solution was examined (Figure 1A-C). E. coli PI-7 exhibited an initial lag phase of 6.64 ± 195 

0.63 h, and achieved 5-log10 inactivation after > 12 h of sunlight irradiation (Figure 1A and C). 196 

In contrast, E. coli DSM1103 exhibited a significantly shorter lag phase of 1.33 ± 0.52 h (p < 197 

0.0001), and achieved 5-log10 inactivation within 5 h of sunlight irradiation (Figure 1B and C). 198 

Half-life values derived from corrected decay constants showed that E. coli PI-7 had a half-life 199 

of 2.85 ± 0.46 min, which was significantly longer than the half-life of E. coli DSM1103  (2.04 ± 200 

0.36 min, p < 0.0001) (Figure 1C). Additionally, for E. coli PI-7, a tailing effect starting at 11 h 201 

was observed in 35% of the trials. The half-life calculated from this portion of the decay curve 202 

for trials that displayed it was 7.76 ± 1.27 min. No such effect was detected in DSM1103 203 

inactivation trials. 204 
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 Inactivation of the bacterial isolates under simulated solar irradiation in real wastewater 205 

effluent and chlorinated effluent was also examined (Figure 2A-D). Both types of treated 206 

wastewater had DOC, SUVA and alkalinity that ranged from 2.2- 3.1 mg/L, 1.9-4.4 L.mg-M and 207 

69.3-82.9 mg CaCO3/L, respectively (Table S5). No significant change in lag phase lengths was 208 

observed for ether isolate in either type of treated wastewater compared to the buffer (p > 0.05). 209 

E. coli PI-7 was observed to exhibit mean lag phase lengths of 6.64 ± 0.48 h and 6.30 ± 1.18 h in 210 

effluent and chlorinated effluent, respectively (Figure 2A and B). E. coli DSM1103 exhibited 211 

mean lag phase of 1.29 ± 0.49 h and 0.71 ± 0.76 h in effluent and chlorinated effluent, 212 

respectively (Figure 2C and D). After the lag phase, E. coli PI-7 exhibited a mean half-life of 213 

4.36 ± 1.13 min and 5.23 ± 1.40 min in effluent and chlorinated effluent, respectively (Table S6). 214 

The half-life of E. coli PI-7 in chlorinated effluent was significantly longer than the half-life 215 

measured for E. coli PI-7 in buffer (p = 0.0167). For E. coli DSM1103, the half-life value in 216 

effluent was 4.03 ± 0.36 and 2.05 ± 0.16 min in chlorinated effluent (Table S6). The half-life in 217 

the effluent was significantly longer than in buffer and chlorinated effluent (p = 0.0012).  218 

 219 

3.2. Extent of differential gene expression response throughout the different phases of solar 220 

irradiation  221 

Prior to transcriptomic analysis, general genomic comparisons were performed to provide 222 

insight into the differences between the two isolates’ genomes. The genome of E. coli DSM1103 223 

(5.2 Mb) was found to be larger than the available genome of PI-7 (4.73 Mb) (Table S1). Based 224 

on the current available mapped genomes, E. coli DSM1103 exhibited a larger total number of 225 

annotated genes than PI-7 (4,808 vs. 4,471, respectively), as well as more unique gene sequences 226 

and annotated gene functions (910 vs. 489, and 185 vs. 155, respectively). Annotated functions 227 
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were further broken down per functional category (Table S7) to illustrate the core and unique 228 

genes for both bacterial strains.  229 

RNA-seq was performed to examine the molecular responses of the two isolates to solar 230 

irradiation. Gene expression for each of the isolates was analysed independently by comparing 231 

irradiated sample gene response to its corresponding dark control at each time point. Results 232 

revealed increasing numbers of genes significantly (p < 0.05) upregulated or downregulated by ≥ 233 

2-fold in both E. coli PI-7 and DSM1103 as the duration of solar irradiation increased  (Figure 234 

S1). The results also showed an increase in the percentage of total genes that were upregulated 235 

during the mid-decay and late-decay phase.  236 

A closer examination showed that E. coli PI-7 upregulated > 50 stress response and 237 

protection mechanism functions, > 130 cell repair, division and cell wall synthesis functions, and 238 

>50 virulence functions (virulence factors, motility, membrane transport systems) upon 239 

prolonged exposure to solar irradiation. E. coli DSM1103 also upregulated genes from the same 240 

categories. E. coli DSM1103 showed upregulation of ten functions related to stress response, 22 241 

cell repair functions, and 25 virulence functions. Further elaborations on the differential gene 242 

expressions of each of these functional categories are detailed in sections 3.3 to 3.5.  243 

 244 

3.3. Differential gene expression of stress response and protection mechanisms 245 

Stress response and protection mechanisms (e.g. oxidative stress response, heat shock 246 

proteins and reactive oxidative species (ROS) scavengers) can be differentially expressed by 247 

either of the E. coli strains to counteract against the effects of solar irradiation. 248 

In E. coli PI-7, the redox-sensitive transcriptional regulator gene qorR was 249 

downregulated at the early-decay phase (Table 1). Various genes related to oxidative stress 250 
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functions were upregulated at the decay phases, including a catalase, two peroxidases and three 251 

glutathione-related functions, all known to play a role in ROS scavenging, as well as 39 other 252 

stress/detox related functions (Table 2 and Table S8A:1-1.5). A superoxide dismutase [Cu-Zn] 253 

precursor gene in E. coli PI-7 was downregulated from early-decay to late-decay (Table 254 

S8A:1.5). In E. coli DSM1103, no response in regulatory oxidative stress genes was detected 255 

(Table 1). DSM1103 still activated genes in similar oxidative stress response categories as E. coli 256 

PI-7: a peroxidase, one glutathione-related functions and six other stress/detox functions. Despite 257 

DSM1103 possessing similar numbers of catalase, peroxidase and glutathione-related genes, and 258 

more than twice as many other stress/detox related functions compared with PI-7, the total 259 

number of upregulated genes for E. coli DSM1103 in these categories was lower than that 260 

observed for PI-7 (Table 2 and Table S8B:1-1.5).  261 

Other mechanisms of protection and detoxification were also examined. A regulatory 262 

gene involved in biofilm formation was upregulated in both E. coli PI-7 and DSM1103 (Table 263 

1).  The marA regulatory gene, a multiple antibiotic resistance protein and a central regulator for 264 

efflux pumps, were upregulated in E. coli PI-7 and were present but not upregulated in 265 

DSM1103 (Table 1). Twenty-two drug and heavy metal efflux pumps and transporters were 266 

correspondingly upregulated in E. coli PI-7; only one was upregulated in DSM1103 (Table 2). 267 

Considering this result and the potential of efflux pumps to contribute to antibiotic resistance, 268 

and as an additional and non-molecular method of confirming transcriptomic results, the effect of 269 

efflux pumps in facilitating E. coli PI-7’s prolonged persistence was tested by performing 270 

simulated solar inactivation trials in presence of the RND-type efflux pump inhibitor PAβN. 271 

Results showed that with PAβN, lag phase length was significantly reduced to less than three 272 

hours (p-value = 0.0010) while half-life length was reduced to 1.77 ± 0.06 min (p = 0.0360) 273 
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(Figure S2). Five-log10 reduction in CFU numbers was achieved in under 6.5 h and 10-log10 of 274 

inactivation was achieved by 12 h. E. coli DSM1103 was also tested in the presence of PaβN. 275 

While lag phase length did not change significantly, half-life of E. coli DSM1103 significantly 276 

decreased to 1.38 ± 0.11 min (p = 0.0446) (Figure S3), suggesting a role in the efflux pump 277 

mechanisms for E. coli DSM1103 against solar irradiation, albeit its role may be less significant 278 

than that in E. coli PI-7.  279 

 280 

3.4. Differential gene expression of cell repair and division mechanisms 281 

Solar irradiance inactivates microorganisms by inflicting direct and indirect damage on 282 

various cellular components, compromising DNA and cellular membrane integrity. Therefore, 283 

gene expressions related to cellular repair and division categories were further examined to 284 

understand the mechanisms employed by both E. coli strains to counteract the solar inactivation 285 

effects. 286 

In E. coli PI-7, the recA essential DNA repair and maintenance protein gene was 287 

upregulated and the lexA SOS-response repressor gene was downregulated (Table 1). This 288 

response is required to activate the SOS-cellular and DNA repair network. Twenty-eight out of 289 

66 DNA repair functions, such as three different DNA-damage inducible protein genes, various 290 

DNA repair genes, exonuclease and endonuclease genes, were upregulated in PI-7 (Table 2). 291 

Fifteen out of 21 genes with other DNA-related functions, such as a probable DNA recombinase 292 

and a DNA helicase ruvAB gene (Table S8A:2.2), were also upregulated in PI-7 (Table 2). E. 293 

coli DSM1103 downregulated its lexA gene but showed no differential expression of the recA 294 

gene. The observed response for DSM1103 out of 78 DNA repair and 32 other DNA-related 295 
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genes was limited to the upregulation of two endonuclease genes (Table S8B:2.3), and one 296 

function related to DNA recombination (Table S8B:2.2). 297 

Functions related to cell wall synthesis, cell division and DNA synthesis were examined. 298 

In E.coli PI-7, over eighty cell wall synthesis functions were upregulated at different stages of 299 

exposure to simulated solar irradiation (Table 2). Of those, 28 functions were related to capsular 300 

and extracellular polysaccharides (Table S8A:5.2). Cell division gene ftsI, which codes for a 301 

peptidoglycan synthase and belongs to both the cell division and the cell wall synthesis 302 

categories, was upregulated from mid-lag to mid-decay phases (Table S8A:3 and S8A:5.1). In 303 

addition, replication regulatory protein repA2 gene was downregulated in PI-7 (Table 1), and 304 

nine DNA replication/synthesis functions (e.g. DNA gyrases, topoisomerases, helicases) were 305 

also upregulated (Table 2).  As for E. coli DSM1103, seven cell wall function genes, of which 306 

five were related to capsular and extracellular polysaccharides, were upregulated from mid-decay 307 

to late-decay phases (Table 2). In the cell division and replication category, one function related 308 

to a septum formation protein gene and another putative replication protein, were upregulated 309 

(Table 2).  310 

Cells can also adopt dormancy or formation of persister cells in the event that their repair 311 

mechanisms are not sufficient to counteract against oxidative stress. E. coli PI-7 upregulated 19 312 

out of 57 gene with functions related to dormancy and persister cell formation (Table 2). One 313 

possible way to achieve dormancy can be through programmed cell death and toxin-antitoxin 314 

systems. The genes for the YoeB-YefM pair, the only complementary toxin-antitoxin pair 315 

detected for E. coli PI-7 in this experiment, were upregulated at late-decay (Table S8A:6.1). 316 

Furthermore, the hipB dormancy and persister-cell related gene in E. coli PI-7 was upregulated at 317 

mid-decay and late-decay phase (Table S8A:4), as well as other transcription factors, heat/cold 318 



15 
 

shock, and SOS functions that have been implicated in persister formation. As for E. coli 319 

DSM1103, seven out of 44 dormancy and persister cell formation genes were upregulated (Table 320 

2, and Table S8B:4). Five toxin-antitoxin functions (e.g. antitoxin YefM, three toxin Ldr 321 

functions) were upregulated at mid-decay and late-decay phases (Table S8B:6.1), but the 322 

available annotation did not reveal if there were any complementary toxin-antitoxin pairs.  323 

 324 

3.5. Differential gene expression of virulence functions 325 

 Virulence-related functions like virulence-signaling, adhesion and invasion functions 326 

were examined for their gene expression response to simulated solar irradiation, particularly for 327 

the purpose of understanding the risk associated with E. coli PI-7’s virulence and prolonged 328 

persistence. E. coli PI-7 showed upregulation of the rpoN regulatory gene, encoding a sigma 329 

factor known to play a role in bacterial virulence (Table 1). It also upregulated 25 virulence 330 

functions including four cell signaling functions related to virulence at mid-decay phase (Table 331 

S8A:6.3-7.3), and a virulence protein gene that reached 20-fold upregulation at high RPKM 332 

levels (Table S8A:7, and Table S9A:7). E. coli PI-7 also upregulated two flagellar regulatory 333 

functions, and 29 functions related to flagella and motility (Table 2). For E. coli DSM1103, there 334 

was a detectable virulence response in the upregulation of six virulence-related functions (Table 335 

2, and Table S8B:6.3-7.3).  336 

An earlier study to characterize the genomic and plasmidic content of E. coli PI-7 337 

revealed a repertoire of pathogenic traits including colonization fimbriae antigen I (CFA/I), 338 

accessory colonization factor acfD precursor, type III secretion system and various putative 339 

virulence factors13. These virulence-associated traits are unique to E. coli PI-7 and not present in 340 

the E. coli DSM1103 genome. Both CFA/I fimbrial subunit genes were upregulated upon solar 341 
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irradiation (Table 1), with one upregulated at mid-decay and the other throughout the decay 342 

phases, as well as 25 other fimbriae-related functions (Table 2). Accessory colonization factor 343 

acfD precursor gene was upregulated at late-decay alongside other adhesion functions. For 344 

example, the fimH adhesin gene was upregulated at late-decay, and four other adhesion functions 345 

were upregulated at various decay phases (Table S8A:7.1). The four functions that belong to type 346 

III secretion systems were also upregulated, two at mid-decay and another two at late-decay 347 

phases (Table 2, and Table S8A:9.5). Moreover, upregulation of functions related to the 348 

conjugative transfer of E. coli PI-7’s IncF blaNDM-1-carrying plasmid was also observed (Table 349 

S8A:9.3), as well as over 30 functions belonging to secretion systems II, VI, VII and VIII (Table 350 

S8A:9.4-9.8). Although E.coli DSM1103 has no functions belonging to the type III secretion 351 

system, it was observed that genes related to the type VI and VII secretion systems were 352 

upregulated at late-decay phases (Table S8B:9.6-9.7). 353 

 354 

3.6. RNA-seq confirmation using reverse transcription quantitative PCR (RT-qPCR) 355 

 To validate RNA-seq results, RT-qPCR was performed on RNA from early-decay and 356 

mid-decay phases for each of the two E. coli. For eight out of ten data points obtained for E. coli 357 

PI-7, fold-change in gene expression from RNA-seq and RT-qPCR were in good agreement 358 

(Figure S4A-E). This is with the slight exception in two instances. For example, RNA-seq results 359 

showed significant upregulation for gene hflC at both early and mid-decay phases, but only slight 360 

upregulation for the same gene was observed in mid-decay when examined using RT-qPCR 361 

(Figure S4B). For the second exception, RT-qPCR showed downregulation of the gene marA at 362 

mid-decay, while RNA-seq showed upregulation (Figure S4D). However, the upregulation in the 363 

RNA-seq result was not statistically significant. For E. coli DSM1103, four out of eight data 364 
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points were in good agreement between RT-qPCR and RNA-seq results (Figure S5B-D). RT-365 

qPCR consistently showed downregulation of the tested genes while RNA-seq showed 366 

upregulation of these genes. However, it is to be noted that most of these upregulation obtained 367 

by RNA-seq were not of significant fold-change values except for gene ftsI at mid-decay (Figure 368 

5A).  369 

 370 

4. Discussion  371 

Treated municipal wastewater has been increasingly recognized as a potential source for 372 

disseminating antibiotic-resistant bacteria (ARB) into the environment 32, 33. Numerous studies 373 

have reported that, despite having undergone the entire treatment process, there was an increase 374 

in the relative proportion of ARB compared to the other antibiotic-susceptible bacteria in the 375 

wastewater, suggesting that ARB survives the treatment process better than the non-resistant 376 

bacteria 3, 4, 34, 35. The presence of antibiotic-resistant bacteria in the treated effluent can be of a 377 

concern if the treated wastewater were to be reused for agricultural irrigation. In a 2013 report by 378 

the US Center of Disease Control and Prevention (CDC), it was estimated that more than two 379 

million people in the United States are sickened every year with antibiotic-resistant infections, 380 

with at least 23,000 dying as a result 36. The CDC further accounts the major factor in the growth 381 

of antibiotic resistance to be due to dissemination of ARB from person to person, or from the 382 

non-human sources in the environment, including food. This includes the potential dissemination 383 

of ARB into environment through wastewater reuse.  384 

To mitigate concerns arising from ARB in treated wastewater, sunlight irradiation can be 385 

utilized as one of the final barriers to prevent dissemination of contaminants into the 386 

environment during agricultural irrigation events. This is because the full spectrum of sunlight 387 
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includes radiation in the UV-A and UV-B spectrums, which are both known to impose biocidal 388 

effect on microorganisms by causing inactivation through direct and indirect mechanisms 37-39. In 389 

direct mechanism, UV radiation penetrates cell walls of microorganisms and is absorbed by 390 

nucleic acids to result in dimerization of adjacent cytosines and thymines 40. In indirect 391 

mechanisms, endogenous or exogenous photosensitizers absorb UV light 41-43 and generate 392 

strong reactive oxidative species (ROS) that can damage the cellular membrane, nucleic acids, 393 

proteins or other cellular materials 43, 44.  394 

In this study, exposure to simulated solar irradiance achieved ≥ 5-log10 reduction in the 395 

numbers of viable E. coli cells, but the response curves and irradiance doses required for the 396 

reduction differed between both isolates. Specifically, E. coli PI-7 exhibited an extended lag-397 

phase before the onset of detectable inactivation while E. coli DSM1103 had a shorter lag-phase 398 

and decay half-life than that of E. coli PI-7, in addition to a tailing zone at late-decay with 399 

significantly slower inactivation in 35% of PI-7 inactivation trials. There are limited studies that 400 

demonstrate the differences in the inactivation kinetics of different strains of E. coli upon solar 401 

irradiation. However, our observations are in agreement with the few studies available that 402 

compared the differences in the inactivation kinetics of strains within other bacterial species, 403 

where it was found that different strains of Acinetobacter johnsonii and Halomonas salina 404 

exhibited variations in their survival rates after UV-B irradiation 45, 46. Variations in the decay 405 

kinetics among different strains of the same bacterial species may be attributable to factors such 406 

as genome size, nucleotide base compositions and genomic content 47. In this study, the two E. 407 

coli isolates tested have different genomic content and, therefore, may have differences in their 408 

molecular responses to the simulated solar irradiance. To investigate the underlying mechanism 409 
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of each isolate’s response to simulated solar irradiance, gene expression of irradiated samples 410 

was compared with dark controls at the various points of the inactivation curve for each E. coli. 411 

The transcriptomic approach results showed that a large portion of the genes that were 412 

differentially regulated by E. coli PI-7 was shared between genomes of the two E. coli strains. 413 

Furthermore, despite E. coli DSM1103 possessing the larger genome size and higher number of 414 

unique gene sequences and metabolic functions, E. coli PI-7 differentially regulated a larger 415 

number of its available annotated genes compared with DSM1103, and also exhibited a higher 416 

percentage of gene upregulation. A closer examination of specific gene categories revealed that 417 

E. coli PI-7 upregulated a large number of DNA recombination and repair. This suggests that E. 418 

coli PI-7’s ability to activate a wide arsenal of DNA modification and DNA-damage repair 419 

functions that are key factors contributing to the prolonged persistence of this isolate under solar 420 

irradiance. DNA recombination and repair mechanisms are inducible as part of the SOS regulon 421 

48, which were observed in both E. coli strains to be downregulated for the associated SOS-422 

response repressor gene lexA.  In addition, a large number of cell wall functions, and specifically 423 

ones related to capsule and extracellular polysaccharides, was upregulated in E. coli PI-7. The 424 

cell membrane is considered to be one of the key targets of damage induced by solar irradiance, 425 

as it is the first point of contact with exogenous photosensitizers. Active synthesis of cell wall 426 

components is indicative of continuous damage repair in E. coli PI-7. Production of extracellular 427 

polysaccharides can also encapsulate the cells and provide a layer of protective shield against 428 

solar irradiance 49, 50. Similarly, both E. coli strains upregulated a number of biofilm formation 429 

related genes, and the biofilm matrix can serve as physical shield against solar irradiance.  430 

In addition to active cell repair, the longer persistence of E. coli PI-7 compared to E. coli 431 

DSM1103 can be accounted for by the upregulation of oxidative stress response and protective 432 
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mechanisms. Interestingly, superoxide dismutase, which is known to convert superoxide O2
- into 433 

less damaging oxygen and hydrogen peroxide 51, was downregulated in both E. coli strains, 434 

suggesting that the superoxide O2
- ROS was not a key mechanism of damage in this study. 435 

Instead, genes implicated in the response to hydrogen peroxide radicals were upregulated in E. 436 

coli PI-7. Catalase is known to be a hydrogen peroxide scavenger that converts hydrogen 437 

peroxide to water and oxygen 52-54. One catalase/peroxidase gene was upregulated during the 438 

decay phases in E. coli PI-7, but another was downregulated at mid-lag and early-decay. 439 

Although catalase scavenges hydrogen peroxide and protects bacterial cells against UV damage, 440 

excess catalase can act as a photosensitizer and cause increased sensitivity to UV damage when 441 

intracellular antioxidant moieties are limited 43, 55, 56. Hence, a tight regulation of the catalase 442 

production may be undertaken by the E. coli PI-7 which, in turn, explains for the mixed response 443 

and upregulation of different catalase genes in varying decay phases. Cytochrome c peroxidase, 444 

another enzyme known to reduce hydrogen peroxide to water 57, was also upregulated in E. coli 445 

PI-7. Although no measurements were performed to determine the ROS abundance, these 446 

findings provide inferences to suggest that hydrogen peroxide may be the predominant ROS 447 

resulting in solar inactivation in this study. No evidence for specific hydrogen peroxide response 448 

was observed in E. coli DSM1103 and this may have attributed to the faster inactivation kinetics 449 

displayed by E. coli DSM1103. Our results are in good agreement with a microarray study on 450 

Enterococcus faecalis’s response to natural sunlight. Despite being a gram-positive bacteria, E. 451 

faecalis also demonstrated upregulation in DNA repair and replication, peptidoglycan and cell 452 

wall, cell redox homeostasis and oxidative stress functions (including thioredoxin and 453 

glutathione-related ones) upon solar irradiation. However, upregulation of superoxide dismutase 454 

was observed in E. faecalis, suggesting that superoxide O2
- ROS may be implicated as a key 455 
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mechanism of cell damage against this bacterium 58. This is in contrast to our findings obtained 456 

from both E. coli strains. 457 

In addition to oxidative stress response and ROS scavenging, E. coli PI-7 activated a 458 

large number of multidrug efflux pumps and transporters, suggesting that cellular detoxification 459 

might also play a role in the response to solar irradiance. Conducting simulated solar inactivation 460 

trials on E. coli PI-7 in the presence of efflux pump inhibitor PAβN showed a great decrease in 461 

PI-7’s persistence as it significantly decreased lag phase and half-life lengths, and achieved 462 

higher overall log-reduction in CFU numbers during a shorter duration of time. E. coli DSM1103 463 

upregulated a single efflux pump functions, and therefore while the effect of PAβN was less 464 

extreme on E. coli DSM1103, it also experienced decreased half-life. Although efflux pumps’ 465 

effects on inactivation have not been reported in solar irradiation studies, similar findings have 466 

been reported among microbial communities that were exposed to chlorination. Similar to the 467 

indirect inactivation mechanism of solar irradiation, chlorination results in oxidative stress. A 468 

study assessing the effect of chlorination found induced transcription of genes encoding major 469 

virulence factors in S. aureus 59 and chlorine-associated induction of antibiotic resistance in eight 470 

antibiotic-resistant A. baumannii pathogen isolates 60. Tetracycline resistance conferred by means 471 

of efflux pump mechanism and encoded for by tetZ gene has also been documented to be 472 

enriched in bacterial DNA recovered from chlorinated effluent samples 4. 473 

Besides active repair mechanisms and stress response and detoxification, entering into 474 

dormancy or formation of persister cells are documented responses to stress 61. This is a 475 

particularly useful defense mechanism in the event that active cell repair remains insufficient to 476 

mitigate the UV-induced damage. Evidence suggesting formation of dormant or persister cells 477 

was observed during the late phase of decay where E. coli PI-7 exhibited an upregulation in 478 
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toxin-antitoxin systems for programmed cell death, and a number of dormancy and persister-cell 479 

related gene. These results may account for the tailing effect seen at the end of E. coli PI-7’s 480 

inactivation curve, suggesting that a subpopulation of the E. coli cells entered into dormancy and 481 

persist indefinitely despite solar irradiation. The persistence of E. coli PI-7 subpopulations may 482 

be of a concern since E. coli PI-7 showed upregulation of virulence functions, a suite of genes 483 

involved in the replication and conjugative transfer of its NDM-1-carrying IncF plasmid and the 484 

CTX-M-15-carrying IncA plasmid.  485 

The large number of virulence genes that were upregulated in E. coli PI-7 draws parallels 486 

with reported observations of pathogens activating virulence genes to evade the host’s immune 487 

response during infection62. When pathogenic strains invade host, the immune response triggers 488 

production of ROS to induce cell apoptosis, which approximates the situation experienced by 489 

bacterial cells during solar irradiation62. It may be possible that the upregulation of virulent traits 490 

in E. coli PI-7 (a pathogenic strain) is a consequence of solar irradiation, and a possible 491 

interpretation would be that the virulence traits contribute to defense against solar irradiation or 492 

oxidative stress response. However, this hypothesized role of virulence genes in slowing decay 493 

kinetics remains to be further elucidated. 494 

Inactivation of the two E. coli in wastewater was tested to examine the response in more 495 

realistic matrices. It was found that wastewater, compared with buffer solution, caused 496 

significant increase in the half-life of both E. coli strains. Specifically, the half-life of E. coli PI-7 497 

was significantly longer in chlorinated wastewater treatment plant effluent, while the half-life for 498 

E. coli DSM1103 was significantly longer in non-chlorinated effluent. The slower decay 499 

experienced by both E. coli strains may be due to the high alkalinity present in the wastewater 500 

matrix (Table S5). Bicarbonates HCO3
− present in water can react with hydroxyl radicals 501 
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producing CO3
•−, which has a slower reaction with organic molecules when compared to •O 19, 502 

63. On the other hand, the high SUVA content in both wastewater indicates the presence of 503 

dissolved organic matter, which may have shielded the microbial cells from sunlight irradiation 504 

or have cleaved into smaller, biologically labile, organic compounds that can in turn stimulate 505 

further bacterial growth 64, 65. The longer half-life of both E. coli strains in wastewater matrix 506 

was observed even though the examined wastewater samples were filtered to remove turbidity. 507 

In actual instances of wastewater with high turbidity, the scattering effect of particulates would 508 

likely result in an even longer half-life than that observed in this study. Furthermore, in the case 509 

of E. coli PI-7, its longer half-life in the chlorinated effluent could be in part related to its 510 

upregulation of efflux pump and antibiotic resistance functions, which helped maintain 511 

homeostasis, not only against chlorine but also against ROS that may be present. Induction of 512 

these genes has also been reported in other bacterial species upon exposure to chlorine 59, 60, 513 

while an increase in the abundance of antibiotic resistance genes associated with efflux pump 514 

mechanisms was determined in the total microbial community recovered from chlorinated 515 

effluent compared to pre-chlorinated effluent 4. These observations suggest that these traits may 516 

act as defense mechanisms against chlorine and other deleterious elements, hence resulting in a 517 

longer persistence of E. coli PI-7 in the chlorinated effluent. 518 

Our findings collectively indicate that there is a need to place heightened levels of 519 

concern on dissemination risks arising from the ARB that may still remain viable in the treated 520 

wastewater.  521 

 522 

5. Conclusion 523 



24 
 

This study revealed differences in the solar inactivation kinetics of a virulent antibiotic-resistant 524 

E. coli PI-7 strain, and a non-virulent and less antibiotic-resistant commensal E. coli DSM1103.  525 

The results showed that a minimum of half a day exposure to solar irradiation is required to 526 

overcome the lag phase of E. coli in the buffer solution and treated wastewater prior to achieving 527 

inactivation. Although solar irradiation remains useful and effective in reducing the number of E. 528 

coli cells by more than 5-log10, transcriptomics revealed differences in the overall upregulation 529 

of regulatory, protective and repair mechanisms between both E. coli strains, leading to different 530 

efficacies in damage sensing and response.  Subpopulations of the E. coli PI-7 expressed genes 531 

related to dormancy and persister cells formation during the late-decay phase, which may have 532 

accounted for the prolonged persistence of E. coli PI-7. More importantly, this study showed that 533 

both E. coli strains displayed upregulation of virulence functions, with a wider arsenal of such 534 

genes being upregulated in the virulent E. coli PI-7, upon solar irradiation. The current guidance 535 

on the quality pertaining to treated wastewater for use in agricultural irrigation remains limited to 536 

assessing the abundance of fecal coliforms. Our findings suggest a need to expand efforts to 537 

monitor for the presence and abundance of ARB, particularly for those bacterial pathogens that 538 

are commonly associated with foodborne diarrheal diseases, in the treated wastewater that is to 539 

be reused. 540 
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Table 1. Regulatory genes with differential gene expression response in stress response, cell 562 
repair and virulence categories 563 
 564 
a) Stress response PI-7 DSM 1103 
QorR, redox-sensing transcriptional regulator - NA 
Biofilm formation regulator + + 
MarA, multiple antibiotic resistance protein + o 
b) Cellular repair 

  RecA + o 
LexA Repressor - - 
Replication regulatory protein repA2 - NA 
c) Virulence 

  Predicted regulator of CFA/I fimbriae + NA 
FimB type 1 fimbriae regulatory proteins + NA 
FimE type 1 fimbriae regulatory proteins + NA 
FliA, RNA polymerase σ factor for flagellar operon + o 
FlhC, flagellar transcriptional activator + o 
FlgM, negative regulator of flagellin synthesis o - 
RpoN, σ54 RNA polymerase + o 

(+): upregulated; (-): downregulated; (o): present in genome but with no significant fold-change 565 
in expression; (NA) not found in the genome. 566 
This list of regulatory genes is shortlisted from the full list of genes with significant fold-change 567 
in the selected categories (See Table S8). 568 
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Table 2. Numbers of upregulated genes out of the total number of present genes in stress 569 
response, cell repair and virulence categories  570 

 571 
a) Stress response PI-7 DSM 1103 
Biofilm 6/13 1/4 
Catalases 1/2 0/2 
Peroxidases 2/3 1/2 
Glutathione 3/22 1/20 
Other stress/detox 39/70 6/171 
Multi drug and heavy metals efflux pumps/transporters 22/43 1/19 
b) Cellular repair 

  DNA repair 28/66 2/78 
Cell division 17/38 1/36 
Cell wall synthesis 87/191 7/192 
DNA synthesis 9/14 1/15 
Other DNA 15/21 4/32 
Persistors 19/57 7/44 
c) Virulence 

  Virulence 25/41 6/38 
Fimbriae/pili 30/53 13/42 
Flagella and motility 29/61 6/60 
Type III secretion system 4/4 0/NA 

 This list of regulatory genes is shortlisted from the full list of genes with significant fold-change 572 
in the selected categories (See Table S8). 573 
Genes were counted for inclusion in this table if they were upregulated at any of the examined 574 
time points; total numbers are the total numbers of relevant genes that were found in the entire 575 
genomes of the E. coli isolates. 576 
 577 
 578 
 579 
 580 
 581 
  582 
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Figure legends 583 
 584 
Figure 1. Inactivation curves of E. coli PI-7 and DSM1103 under simulated solar irradiation in 585 
buffer solution. E. coli PI-7 exhibits a longer lag phase than DSM1103 prior to decay. Irradiance 586 
rate at 280-700 nm was 27.86 J/cm2/h. 587 
 588 
Figure 2. Inactivation curves of E. coli PI-7 and DSM1103 under simulated solar irradiation in 589 
effluent and chlorinated effluent. Solar irradiation of E. coli PI-7 and DSM1103 in chlorinated 590 
effluent and effluent, respectively, showed a longer half-life than that in buffer.   591 
 592 
  593 
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Lag phase 
fluence (J/cm2)

Decay
constant

Half-life
length (min)

Half-life
fluence (J/cm2)

PI-7 (n=7) 6.64 ± 0.63 184.96 ± 17.55 -14.96 ± 2.61 2.85 ± 0.46 1.32 ± 0.21

DSM1103 (n=6) 1.33 ± 0.52 37.05 ± 14.49 -21.01 ± 4.54 2.04 ± 0.36 0.95 ± 0.17
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1. Water quality testing 

COD was measured using LCK 314 (15-150 mg/L) cuvette test vials based on protocols 

specified by the manufacturer (Hach-Lange, Manchester, UL). Concentrations of DOC and 

TN were measured by the high-temperature catalytic oxidation (HTCO) method using a 

commercially available automatic TOC-VCPH analyzer with a TNM-1 add-on (Shimadzu, 

Japan), following the methodology recommended by Shimadzu. The SUVA (in L/mg-M) 

was calculated by dividing the UV absorbance at 254 nm of the sample (in cm-1) by the DOC 

(in mg/L) of the sample and then multiplying by 100 cm/M.  Alkalinity was measured based 

on standard method 2320. Total chlorine concentration in chlorinated effluent samples was 

determined using the DPD/KI (N, N-diethyl-p-phenylenediamine/potassium iodide) 

colorimetric standard method 4500-CI G 29.  

2. Solar inactivation experiments  

Bacterial isolates were streaked onto nutrient agar (Sigma–Aldrich, Buchs, Switzerland) 

plates for E. coli DSM 1103, and nutrient agar plates supplemented with 8 µg/mL 

meropenem for E. coli PI-7 in order to maintain selective pressure to prevent loss of the 

blaNDM-1-containing plasmid. Pure colonies of E. coli PI-7 and E. coli DSM 1103 were 

picked and inoculated into the corresponding nutrient with and without meropenem, 

respectively. Liquid cultures were incubated at 37 °C to obtain a bacterial culture at the late 

exponential growth phase and with an optical density at 600 nm of close to 1.0. Cells were 

washed three times with 1 mM NaHCO3, and were then resuspended in 1X phosphate 

buffered saline, PBS (Thermo Fisher Scientific, CA, USA). In the case of solar inactivation 

trials in wastewater, effluent or chlorinated effluent that was filtered through 0.2 µm 

polycarbonate membranes was used in place of 1X PBS. Homogenous suspensions of either 



S4 
 

E. coli DSM 1103 or PI-7 were then split into 80 mL portions over a number of microcosms. 

Microcosms used for the experiments were made from 100 mL glass beakers wrapped in 

black scotch tape to prevent unwanted light penetration. Each microcosm contained a 

magnetic stir bar and the top was either covered with aluminum foil in the case of dark 

controls, or with a glass filter (Newport Corporation, Irvine, CA) that allows light 

wavelengths ≥ 280 nm to pass through. Solar exposure was conducted in an Atlas Suntest ® 

XLS+ photosimulator (Chicago, IL) equipped with a xenon arc lamp. The solar irradiation 

intensity was measured by Spectroradiometer ILT950 (International Light Technologies, 

Peabody, MA, USA) and shown in figure below. The UV irradiance provided by the 

photosimulator approximates to the irradiance measurements of direct and indirect (shaded) 

noon sunlight that were measured in the KAUST campus during the month of December 

2015.

 

 

Figure. Solar simulator validation. Solar irradiance was measured at noon during December
2015 in King Abdullah University of Science and Technology, Saudi Arabia. Irradiance was
measured in two spots under direct sunlight, and four spots in the shade.
Table shows total irradiance (in Watts/m2/h) for environmental and simulated solar
irradiation.
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3. Statistical comparisons of inactivation curves  

Statistical analyses were performed using Minitab version 1.4.0. One-way ANOVA was 

performed to compare the lengths of lag-phases, the corrected decay constants and the half-

life values of the different experimental conditions and isolates. Single-regression analysis 

was performed to compare each slope to 0 at α = 0.05 so as to determine if inactivation or 

persistence is observed. Multiple-regression analysis was also performed on decay curves 

from each experimental batch to determine if control and irradiated samples were 

significantly different within and between groups (α =0.05). Lag-phase length and half-life 

were not analyzed for dark control samples due to the lack of decay in these samples. 

4. RNA extraction and sequencing 

Sample volumes varying between 1 to 4 mL were taken from the experimental microcosms 

and then centrifuged at 10,000 g for 10 minutes at room temperature. The pellets were 

resuspended in 1 mL of RNAProtect® preservation reagent (Qiagen, Hilden, Germany) and 

then preserved at 4 °C until RNA extraction. The total RNA was extracted using the RNeasy 

Mini kit (Qiagen, Hilden, Germany) with the on-column DNase treatment. The RNA was 

eluted with RNase-free water and RNA quality was determined using 2200 Tapestation 

Bioanalyzer (Agilent Technologies, Santa Clara, CA). All samples that passed the quality 

control were submitted to KAUST Genomics Core lab for RNA-Seq on Illumina HiSeq 

platform. Prior to sequencing, the bacterial ribosomal RNA was removed from 1 µg of total 

RNA using the Ribo Zero rRNA removal kit (Illumina, San Diego, CA, USA). The enriched 

mRNA fraction was converted to RNA-seq libraries compatible for runs on Illumina HiSeq 

platforms based on protocols described by manufacturer. Fastq files were generated and 

demultiplexed by KAUST Bioinformatics core lab. 
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5. RNA-seq analysis 

The RNA-seq data was analyzed using CLC Genomics Workbench version 8.0.1 from CLC 

Bio (Cambridge, MA). For reference genome sequences, the published annotated sequences 

were used for E. coli DSM1103 28 and genomic DNA sequences annotated using RAST were 

used for E. coli PI-7 10. RNA-seq reads were mapped onto the reference sequences using 

CLC. Reads were only assembled if the fraction of read that aligned to the reference genome 

was greater than 0.9 and if the read matched other regions of the reference genome at fewer 

than 10 nucleotide positions. The RNA-seq output files were analyzed for statistical 

significance, separately for each of the two experimental batches for each E. coli, based on 

the proportion-based test described by Baggerly et al. 31. Gene expression levels in irradiated 

samples were compared with their respective dark controls at each time point for each 

experimental batch. Change in expression level was taken into consideration if it was 

statistically significant (p-value <0.05), and showed ≥ 2-fold change consistently in both 

biological replicates. Afterwards, CLC was used again to generate normalized mean 

expression values based on both experimental batches for each E. coli, and fold-changes in 

expression levels were calculated based on those means. Thus, some of the results showed 

high yet statistically insignificant fold-changes in expression levels. This might have been 

caused by too large of a difference in normalized expression values within irradiated samples 

in a replicate or within dark samples in a replicate, or caused by only of the experimental 

batches and not the other having large and significant fold-change. 

6. RNA-seq read mapping quality 

Summarized RNA-seq mapping results for both strains are shown in Table S2 and S3. The 

percentage of reads mapped to the genome for each isolate was always 85% or higher (Table 
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S2 and S3), indicating good read quality and no significant contamination of the samples. 

Average percentages of reads mapped to CDS (coding sequence) at each phase were 

significantly lower than reads mapped to the genome in both E. coli, which may indicate 

expression of unidentified/non-annotated genes, especially with PI-7’s genome not being 

closed. The percentage of RNA reads that mapped to coding sequence decreased over 

increasing duration of exposure to irradiance. This might have been a result of accumulation 

of irradiance-incurred damage to the genomes and transcripts. Bacterial expression of non-

coding sequences and regulatory RNAs (which have been reported to be induced under some 

stress conditions and to play a role in activation/repression of membrane, membrane 

transport, cell division and sporulation functions 66, 67) may partially explain the low read 

coverage of CDS regions, although it is unlikely that it would account for a majority of the 

percentage of non-CDS reads.   

7. cDNA synthesis 

For RT-qPCR confirmation experiments, RNA samples which were preserved and extracted 

as described in Supplementary Information 4 were used for cDNA generation according to 

Invitrogen’s SuperScript First-Strand Synthesis System for RT-PCR kit reagents and 

instructions. Briefly, each mRNA sample was mixed with 100 pmol of random hexamers, 

incubated at 65 °C for 5 min then chilled on ice for 1 min. Each reaction was then mixed 

with 2 µL 10X RT buffer, 4 µL of 25 mM MgCl2, 2 µL of 0.1 M DTT and 1 µL of 40U/µL 

RNaseOUT, incubated at room temperature for 2 min, then 1 µL of SuperScript II RT was 

added. Reactions were incubated at room temperature for 10 min, at 42 °C for 50 min, then 

the reactions were terminated at 70 °C for 15 min and chilled on ice. Next, 1 µL of RNase H 
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was added to each reaction and they were incubated at 37 °C for 20 min. The generated 

cDNA was stored at -20 °C until reverse transcription quantitative PCR (RT-qPCR). 

8. RT-qPCR confirmation experiments 

After RNA-seq and cDNA synthesis, there was sufficient cDNA to analyze only the early-

decay and mid-decay phase samples for the selected genes present in both isolates using RT-

qPCR. Selected genes for RT-qPCR include ftsI, hflC, lexA , marA and uidA for both E. coli 

PI-7 and DSM1103, and gene CFA was additionally analyzed for E. coli PI-7. All primers 

are listed in Table S4. qPCR standards for the respective genes were prepared by cloning 

target gene amplicons into pGEM®-T easy vectors (Promega, Madison, WI, USA). Plasmids 

carrying the gene inserts were harvested from transformed cells using PureYield™ Plasmid 

Miniprep System (Promega, Madison, WI, USA). The extracted plasmids were sequenced to 

verify the insertions. Plasmid copy numbers were calculated based on the concentration of 

extracted plasmid DNA and the known sizes of vector and insert, and were diluted in series 

from 102 to 109 copies/μL to produce a 6-points qPCR standard curves for each gene. For 

gene uidA qPCR, the TaqMan assay was used. Triplicate 20 µL reactions for each sample 

included 10 µL Applied Biosystems’ TaqMan Fast Advanced master mix (Thermo Fisher 

Scientific, Carlsbad, CA, USA), 1 µL of each primer (10 µM), 0.8 µl of probe (10 µM), 1 ng 

standard or cDNA template (or 2 µL H2O in non-template controls) and topped up to 20 µL 

using molecular-biology grade water. For all remaining genes, triplicate 20 µL qPCR 

reactions per sample were set up using 10 µL of Applied Biosystems’ PowerSYBR Green 

master mix (Thermo Fisher Scientific, Carlsbad, CA, USA), 0.4 µL of each primer (10 µM), 

1 ng standard or cDNA template (or 2 µL H2O in non-template controls) and topped up to 20 

µL using molecular-biology grade water. qPCR, following the relative standard curve 
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method, was performed using Applied Biosystems®7900HT Fast Real-Time PCR system 

with 384-well block module (Thermo Fisher Scientific, Carlsbad, CA, USA) using the 

cycling conditions listed in Table S4. For those genes using a Sybr Green reporter, melting 

curve analysis was performed with a dissociation cycle that included an increment of 

temperature from 60 °C to 95 °C, at an interval of 0.5 °C for 5 s. After optimization, copy 

numbers and relative concentrations of each gene to house-keeping gene uidA were 

calculated using Microsoft Excel. These proportions were compared in irradiated and dark 

samples to generate fold-change values that were compared with fold-change values 

generated from RNA-seq analysis.  
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Table S1. Summary of sequence- and function-based genome comparisons between E. coli 
PI-7 and DSM1103 

 
Isolate PI-7 a DSM1103 b 

Genome Not closed (6 contigs) Closed 

Genome size 4.73 Mb 5.20 Mb 

Plasmids 
 
 
 

>1 plasmid 
- 110,768 bp, (not closed), 

carries NDM-1 gene 
- Probable second plasmid, 

best match pkoxR1 

2 plasmids 
- 48,488 bp 
- 24,185 bp 

 
 

Total number of 
annotated genes * 4,471 4,808 

Number of core 
gene sequences * 

3971 PI-7 gene sequences have a match in DSM 1103. 
4139 DSM 1103 gene sequences have a match in PI-7. 

Number of unique 
gene sequences * 489 910 

Number of core 
annotated functions * 3860 functions are shared between both isolates. 

Number of unique 
annotated functions * 155 185 

a: E. coli PI-7’s genome reference 10. 
b: E. coli DSM1103’s full genome reference 28. 
*: Numbers of annotated genes, gene sequences and functions were obtained through 
comparisons performed using RAST 26, 27.
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Table S2. RNA-seq mapping results for E. coli PI-7 
 
   Reads mapped to CDS regions b Reads mapped to genome 

Ti
m

e 
(h

) 

Microcosm 
sample 

Reads after 
trimming a 

Uniquely mapped 
reads (%) 

Nonspecifically 
mapped reads 

(%) 

Unmapped reads 
(%) 

Uniquely mapped 
reads (%) 

Nonspecifically 
mapped reads 

(%) 

Unmapped reads 
(%) 

0 Exp1 D-a 15,444,160 4,845,780 (31.38) 732,991 (4.75) 9,865,389 (63.88) 13,131,686 (85.03) 849,585 (5.50) 1,462,889 (9.47) 

 

 D-b 13,588,000 3,926,546 (28.90) 722,996 (5.32) 8,938,458 (65.78) 11,587,430 (85.28) 787,544 (5.80) 1,213,026 (8.93) 

 Exp2 D-c 16,378,002 4,527,904 (27.65) 642,683 (3.92) 11,207,415 (68.43) 15,073,086 (92.03) 390,225 (2.38) 914,691 (5.58) 

 

 D-d 13,660,428 3,875,758 (28.37) 565,103 (4.14) 9,219,567 (67.49) 12,611,660 (92.32) 315,938 (2.31) 732,830 (5.36) 

3 Exp1 D-a 14,088,460 4,428,958 (31.44) 821,530 (5.83) 8,837,972 (62.73) 12,476,438 (88.56) 588,176 (4.17) 1,023,846 (7.27) 

 

 D-b 25,042,288 7,571,428 (30.23) 1,727,803 (6.90) 15,743,057 (62.87) 22,218,450 (88.72) 1,087,498 (4.34) 1,736,340 (6.93) 

 Exp2 D-c 40,238,272 1,0840,606 (26.94) 2,150,318 (5.34) 27,247,348 (67.72) 37,396,502 (92.94) 871,408 (2.17) 1,970,362 (4.90) 

 

 D-d 13,432,292 4,155,798 (30.94) 813,407 (6.06) 8,463,087 (63.01) 12,339,104 (91.86) 331,396 (2.47) 761,792 (5.67) 

 Exp1 I-a 26,,429,352 4,241,696 (16.05) 822,211 (3.11) 21,365,445 (80.84) 23,556,312 (89.13) 882,411 (3.34) 1,990,629 (7.53) 

 

 I-b 23,,977,652 3,891,282 (16.23) 770,154 (3.21) 19,316,216 (80.56) 21,390,502 (89.21) 722,734 (3.01) 1,864,416 (7.78) 

 Exp2 I-c 12,291,282 1,570,730 (12.78) 332,702 (2.71) 10,387,850 (84.51) 11,465,608 (93.28) 157,596 (1.28) 668,078 (5.44) 

 

 I-d 36,637,170 4,571,852 (12.48) 929,162 (2.54) 31,136,156 (84.99) 34,169,310 (93.26) 505,830 (1.38) 1,962,030 (5.36) 
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(Continued) Table S2. RNA-seq mapping results for E. coli PI-7 
 

6.
5 Exp1 D-a 13,949,762 4,289,990 (30.75) 1,056,767 (7.58) 8,603,005 (61.67) 12,585,402 (90.22) 486,699 (3.49) 877,661 (6.29) 

 

 D-b 27,042,942 8,000,056 (29.58) 1,945,657 (7.19) 17,097,229 (63.22) 24,324,334 (89.95) 924,013 (3.42) 1,794,595 (6.64) 

 Exp2 D-c 22,959,496 6,401,804 (27.88) 1,422,866 (6.20) 15,134,826 (65.92) 21,588,026 (94.03) 331,214 (1.44) 1,040,256 (4.53) 

 

 D-d 13,131,734 3,601,840 (27.43) 789,544 (6.01) 8,740,350 (66.56) 12,211,974 (93.00) 345,898 (2.63) 573,862 (4.37) 

 Exp1 I-a 18,844,808 1,621,614 (8.61) 258,924 (1.37) 16,964,270 (90.02) 17,091,268 (90.69) 594,743 (3.16) 1,158,797 (6.15) 

 

 I-b 20,577,680 1,758,406 (8.55) 291,780 (1.42) 18,527,494 (90.04) 18,479,942 (89.81) 860,386 (4.18) 1,237,352 (6.01) 

 Exp2 I-c 21,039,096 1,434,716 (6.82) 240,914 (1.15) 19,363,466 (92.04) 19,910,708 (94.64) 249,888 (1.19) 878,500 (4.18) 

 

 I-d 8,605,052 327,498 (3.81) 50,071 (0.58) 8,227,483 (95.61) 8,099,418 (94.12) 201,274 (2.34) 304,360 (3.54) 

9 Exp1 D-a 23,269,980 6,507,794 (27.97) 1,561,815 (6.71) 15,200,371 (65.32) 20,998,674 (90.24) 888,322 (3.82) 1,382,984 (5.94) 

 

 D-b 13,150,170 3,513,402 (26.72) 1,006,087 (7.65) 8,630,681 (65.63) 11,709,264 (89.04) 627,492 (4.77) 813,414 (6.19) 

 Exp2 D-c 15,922,346 4,229,432 (26.56) 821,459 (5.16) 10,871,455 (68.28) 14,944,442 (93.86) 285,998 (1.80) 691,906 (4.35) 

 

 D-d 14,023,418 3,835,200 (27.35) 880,342 (6.28) 9,307,876 (66.37) 13,136,832 (93.68) 272,688 (1.94) 613,898 (4.38) 

 Exp1 I-a 16,463,292 565,574 (3.44) 122,619 (0.74) 15,775,099 (95.82) 14,336,964 (87.08) 907,337 (5.51) 1,218,991 (7.40) 

 

 I-b 22,237,810 1,195,962 (5.38) 184,255 (0.83) 20,857,593 (93.79) 20,340,490 (91.47) 701,532 (3.15) 1,195,788 (5.38) 
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(Continued) Table S2. RNA-seq mapping results for E. coli PI-7 
 

 Exp2 I-c 45,847,192 1,602,732 (3.50) 272,692 (0.59) 43,971,768 (95.91) 43,744,596 (95.41) 449,582 (0.98) 1,653,014 (3.61) 

 

 I-d 43,281,446 878,172 (2.03) 154,410 (0.36) 42,248,864 (97.61) 41,690,864 (96.33) 372,320 (0.86) 1,218,262 (2.81) 

14
.5

 

Exp1 D-a 15,532,630 3,899,944 (25.11) 1,006,179 (6.48) 10,626,570 (68.41) 14,207,438 (91.47) 477,267 (3.07) 847,925 (5.46) 

 

 D-b 14,308,202 3,726,754 (26.05) 885,293 (6.19) 9,696,155 (67.77) 12,601,118 (88.07) 746,680 (5.22) 960,404 (6.71) 

 Exp2 D-c 20,836,926 4,778,376 (22.93) 1,050,474 (5.04) 15,008,076 (72.03) 19,683,606 (94.47) 257,530 (1.24) 895,790 (4.30) 

 

 D-d 15,030,408 3,480,272 (23.15) 783,125 (5.21) 10,767,011 (71.63) 13,809,288 (91.88) 501,684 (3.34) 719,436 (4.79) 

 Exp1 I-a 22,524,494 1,175,550 (5.22) 194,864 (0.87) 21,154,080 (93.92) 20,223,970 (89.79) 726,414 (3.22) 1,574,110 (6.99) 

 

 I-b 15,188,868 1,598,506 (10.52) 223,504 (1.47) 13,366,858 (88.00) 13,711,276 (90.27) 417,563 (2.75) 1,060,029 (6.98) 

 Exp2 I-c 15,252,230 377,914 (2.48) 59,849 (0.39) 14,814,469 (97.13) 14,551,670 (95.41) 129,243 (0.85) 571,317 (3.75) 

 

 I-d 16,332,674 897,944 (5.50) 93,127 (0.57) 15,341,603 (93.93) 15,115,662 (92.55) 467,128 (2.86) 749,884 (4.59) 

Time (h) denotes exposure to irradiance durations corresponding to the decay phases as follows: 0 h = prior to solar irradiation; 3 h = mid-
lag phase; 6 h = early-decay phase; 9 h = mid-decay phase; 14.5 = late-decay phase. 
D/I: Microcosm samples are labeled as D- or I- to denote dark and irradiated microcosms, respectively. 
CDS: coding sequence. 
a All reads are 101 nucleotides long. 
b Reads were mapped to PI-7 reference genome using CLC Genomics Workbench version 8.0.1 with a minimum length fraction of 0.9, a 
minimum similarity fraction of 0.8, and a maximum number of hits for a read of 10. 
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Table S3. RNA-seq mapping results for E. coli DSM1103 
 

  Reads mapped to CDS regions b Reads mapped to genome 
Ti

m
e 

(h
) 

Microcosm 
sample 

Reads after 
trimming a 

Uniquely mapped 
reads (%) 

Nonspecifically 
mapped reads 

(%) 

Unmapped reads 
(%) 

Uniquely mapped 
reads (%) 

Nonspecifically 
mapped reads 

(%) 

Unmapped reads 
(%) 

0 Exp1 D-a 15,577,476 8,251,626 (52.97) 789,570 (5.07) 6,536,280 (41.96) 14,395,262 (92.41) 976,153 (6.27) 206,061 (1.32) 

 

 D-b 14,522,776 7,893,406 (54.35) 763,538 (5.26) 5,865,832 (40.39) 13,368,748 (92.05) 928,354 (6.39) 225,674 (1.55) 

 Exp2 D-d 17,869,770 7,891,508 (44.16) 1,025,039 (5.74) 8,953,223 (50.10) 15,538,486 (86.95) 1,935,050 (10.83) 396,234 (2.22) 

 

 D-e 10,496,694 4,253,152 (40.52) 608,307 (5.80) 5,635,235 (53.69) 8,898,126 (84.77) 1,187,113 (11.31) 411,455 (3.92) 

2 Exp1 D-a 14,284,694 7,498,322 (52.49) 665,151 (4.66) 6,121,221 (42.85) 13,241,972 (92.70) 907,406 (6.35) 135,316 (0.95) 

 

 D-b 10,306,088 5,409,756 (52.49) 472,237 (4.58) 4,424,095 (42.93) 9,508,874 (92.26) 701,133 (6.80) 96,081 (0.93) 

 Exp2 D-d 6,170,952 2,569,350 (41.64) 310,346 (5.03) 3,291,256 (53.33) 5,411,222 (87.69) 666,573 (10.80) 93,157 (1.51) 

 

 D-e 14,543,920 6,046,188 (41.57) 613,308 (4.22) 7,884,424 (54.21) 12,897,028 (88.68) 1,428,372 (9.82) 218,520 (1.50) 

 Exp1 I-a 12,747,082 6,372,030 (49.99) 592,439 (4.65) 5,782,613 (45.36) 11,745,066 (92.14) 829,194 (6.50) 172,822 (1.36) 

 

 I-b 22,373,358 11,230,918 (50.20) 939,664 (4.20) 10,202,776 (45.60) 20,898,294 (93.41) 1,261,462 (5.64) 213,602 (0.95) 

 

 I-c 10,069,090 5,000,604 (49.66) 485,103 (4.82) 4,583,383 (45.52) 9,209,868 (91.47) 722,957 (7.18) 136,265 (1.35) 
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(Continued) Table S3. RNA-seq mapping results for E. coli DSM1103 
 

 Exp2 I-d 11,430,604 4,254,842 (37.22) 431,007 (3.77) 6,744,755 (59.01) 10,089,312 (88.27) 1,116,973 (9.77) 224,319 (1.96) 
 

 I-e 19,154,408 5,993,354 (31.29) 584,983 (3.05) 12,576,071 (65.66) 17,051,366 (89.02) 1,784,080 (9.31) 318,962 (1.67) 

3.
5 Exp1 D-a 4,281,046 2,212,340 (51.68) 228,614 (5.34) 1,840,092 (42.98) 3,872,306 (90.45) 335,730 (7.84) 73,010 (1.71) 

 

 D-b 53,984,356 28,117,410 (52.08) 2,135,663 (3.96) 23,731,283 (43.96) 50,412,262 (93.38) 3,046,976 (5.64) 525,118 (0.97) 

 Exp2 D-d 16,398,470 6,487,384 (39.56) 797,994 (4.87) 9,113,092 (55.57) 15,016,286 (91.57) 1,072,106 (6.54) 310,078 (1.89) 

 

 D-e 22,297,174 8,783,598 (39.39) 960,498 (4.31) 12,553,078 (56.30) 19,765,792 (88.65) 2,209,917 (9.91) 321,465 (1.44) 

 Exp1 I-a 13,198,954 3,523,012 (26.69) 257,317 (1.95) 9,418,625 (71.36) 12,374,002 (93.75) 703,293 (5.33) 121,659 (0.92) 

 

 I-b 20,685,618 7,046,708 (34.07) 616,399 (2.98) 13,022,511 (62.95) 19,503,692 (94.29) 963,144 (4.66) 218,782 (1.06) 

 

 I-c 37,858,090 13,448,812 (35.52) 1,186,996 (3.14) 23,222,282 (61.34) 35,318,916 (93.29) 2,046,288 (5.41) 492,886 (1.30) 

 Exp2 I-d 16,810,704 3,540,368 (21.06) 432,636 (2.57) 12,837,700 (76.37) 15,712,042 (93.46) 827,640 (4.92) 271,022 (1.61) 

 

 I-e 21,468,104 4,605,986 (21.46) 520,553 (2.42) 16,341,565 (76.12) 18,916,324 (88.11) 2,090,585 (9.74) 461,195 (2.15) 
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(Continued) Table S3. RNA-seq mapping results for E. coli DSM1103 
 

6.
5 Exp1 D-a 24,198,370 12,097,824 (49.99) 954,153 (3.94) 11,146,393 (46.06) 22,261,312 (92.00) 1,580,405 (6.53) 356,653 (1.47) 

 

 D-b 13,760,650 6,653,986 (48.36) 750,266 (5.45) 6,356,398 (46.19) 11,907,806 (86.54) 1,388,576 (10.09) 464,268 (3.37) 

 Exp2 D-d 16,468,340 5,253,550 (31.90) 556,058 (3.38) 10,658,732 (64.72) 14,715,592 (89.36) 1,536,683 (9.33) 216,065 (1.31) 

 

 D-e 19,055,320 5,904,822 (30.99) 639,872 (3.36) 12,510,626 (65.65) 17,852,460 (93.69) 944,166 (4.95) 258,694 (1.36) 

 Exp1 I-a 32,314,798 8,717,558 (26.98) 684,457 (2.12) 22,912,783 (70.90) 28,639,597 (88.63) 3,195,208 (9.89) 479,994 (1.49) 

 

 I-b 42,969,260 9,202,048 (21.42) 814,705 (1.90) 32,952,507 (76.69) 38,220,086 (88.95) 3,987,918 (9.28) 761,256 (1.77) 

 

 I-c 8,107,936 1,951,550 (24.07) 178,994 (2.21) 5,977,392 (73.72) 7,015,762 (86.53) 858,839 (10.59) 233,335 (2.88) 

 Exp2 I-d 17,717,024 2,961,582 (16.72) 456,468 (2.58) 14,298,974 (80.71) 16,558,142 (93.46) 846,220 (4.78) 312,662 (1.76) 

 

 I-e 7,723,678 983,154 (12.73) 168,367 (2.18) 6,572,157 (85.09) 7,404,144 (95.86) 194,526 (2.52) 125,008 (1.62) 

Time (h) denotes exposure to irradiance durations corresponding to the decay phases as follows: 0 h = prior to solar irradiation; 2 h = early 
decay phase; 3.5 h = mid-decay phase; 6.5 h = late-decay phase. 
D/I: Microcosm samples are labeled as D- or I- to denote dark and irradiated microcosms, respectively. 
CDS: coding sequence. 
a All reads are 101 nucleotides long. 
b Reads were mapped to DSM 1103 reference genome using CLC Genomics Workbench version 8.0.1 with a minimum length fraction of 0.9, 
a minimum similarity fraction of 0.8, and a maximum number of hits for a read of 10
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Table S4. List of primers used for RT-qPCR in this study 
 

Primer Gene 
target 

Gene function Amplicon size 
(bp) Sequence Cycling 

conditions* 
Amplification 

efficiency* 

FtsI146-F 
FtsI146-R ftsI 

Cell-division 
protein/peptidoglycan 

synthesis 
146 5`-GCGTTTTGCGTTGTTATGCG-3` 

5`-GGGAGGTGGAAACTTGCTCA-3` 

50 °C x 2 min; 95 °C 
x 20 s; 40 cycles of 
95 °C x 1 s and 55 

°C x 20 s 

99% 

HflC154-F 
HflC154-R hflC 

Modulator of ftsH 
protease/control of 

lysogenization 
154 5`-TCAACCCGAACAGTATGGCG-3` 

5`-TCCTGACCTTGTGAACGGTG-3` 

50 °C x 2 min; 95 °C 
x 20 s; 40 cycles of 
95 °C x 1 s and 55 

°C x 20 s 

92% 

LexA145-F 
LexA145-R lexA 

Transcriptional 
repressor of SOS 
response genes 

145 5`-GGGATTCGTCTGTTGCAGGA-3` 
5`-GCAGGAAATCAGCATTCGGC-3` 

50 °C x 2 min; 95 °C 
x 20 s; 40 cycles of 
95 °C x 1 s and 55 

°C x 20 s 

93% 

MarA127-F 
MarA127-R marA 

Transcriptional activator 
/multiple antibiotic 
resistance protein 

127 5`-GACAACCTGGAATCGCCACT-3` 
5`-TACGGCTGCGGATGTATTGG-3` 

50 °C x 2 min; 95 °C 
x 20 s; 40 cycles of 
95 °C x 1 s and 55 

°C x 20 s 

98% 

CFA157-F 
CFA157-R CFA Colonization Factor 

Antigen 157 5`-TCATCACGGTATCGCCAGTT-3` 
5`-GTGGCTATCGAGGGTGACTC-3` 

50 °C x 2 min; 95 °C 
x 20 s; 40 cycles of 
95 °C x 1 s and 55 

°C x 20 s 

93% 

UidA159-F 
UidA159-R uidA Housekeeping gene 

beta-D-glucuronidase 159 5`-CGAATCCTTTGCCACGCAAG-3` 
5`-TCACAGCCAAAAGCCAGACA-3` 

50 °C x 2 min; 95 °C 
x 20 s; 40 cycles of 
95 °C x 1 s and 60 

°C x 20 s 

93% 

Probe Gene target Sequence Cycling 
conditions* 

Amplification 
efficiency* 

uidA-23 uidA 5`-/56FAM/TCGCCCTCC/ZEN/ACTGCCACTGACCG/3IABkFQ/-3` As described for uidA159 primer 
pair 

*: Cycling conditions and amplification efficiency for qPCR
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Table S5. Wastewater quality parameters 

 

Quality Parameter Influent Effluent Chlorinated 
effluent 

pH - 7.54 ± 0.20 7.57 ± 0.29 

COD (mg/L) 137.50 ± 28.28 13.03 ± 2.33 7.57 ± 3.66 

TOC (mg/L) 6.86 ± 3.57 2.16 ± 0.26 3.08 ± 1.31 

TN (mg/L) 12.87 ± 4.40 17.86 ± 0.81 14.37 ± 1.63 

SUVA (L/mg-M) 1.18 4.36 ± 1.78 1.86 ± 1.63 

Alkalinity as mg CaCO3/L 28.89 69.25 ± 7.66 81.87 ± 4.17 

Free Cl residual (mg/L) - - 0.24 ± 0.06 

Total Cl residual (mg/L) - - 0.36 ± 0.09 

COD: chemical oxygen demand; TOC: total organic carbon; TN: total nitrogen; SUVA: 
specific ultra-violet absorbance; Cl: chlorine; C. Effluent: chlorinated effluent. 
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Table S6. Inactivation kinetics of E. coli PI-7 and DSM1103 in treated wastewater 
 

(A) PI-7 inactivation Effluent C. Effluent 

Darkα Sample size 6 5 

 
Decay constant k* 0.02 ± 0.10 -0.05 ± 0.10 

Irradiated Sample size 6 7 

 
Lag phase length (h) 6.64 ± 0.48 6.30 ± 1.18 

 
Lag phase fluence (J/cm2) 184.97 ± 13.37 175.50 ± 32.87 

 
Decay constant k* -10.42 ± 4.00 -8.38 ± 2.00 

 
Half-life length (min) 4.36 ± 1.13 5.23 ± 1.40 

 
Half-life fluence (J/cm2) 2.02 ± 0.52 2.43 ± 0.65 

(B) DSM1103 inactivation 
 

Effluent C. Effluent 

Darkα Sample size 4 5 

 
Decay constant k* 0.00 ± 0.06 -0.06 ± 0.14 

Irradiated Sample size 7 7 

 
Lag phase length (h) 1.29 ± 0.49 0.71 ± 0.76 

 
Lag phase fluence (J/cm2) 35.94  ± 13.65 19.78 ± 21.17 

 
Decay constant k* -10.83 ± 2.32 -18.83 ± 6.23 

 
Half-life length (min) 4.02 ± 0.96 2.40 ± 0.78 

 
Half-life fluence (J/cm2) 1.87 ± 0.45 1.11 ± 0.36 

αLag phase length and fluence, and half-life length and fluence were not calculated for dark 
controls. 
*Decay constants (negative slopes of natural log inactivation over time curves) were 
mathematically corrected for light attenuation. Each set of inactivation data is based on at 
least three biological replicates.
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Table S7. Numbers of unique metabolic functions in the genomes of E. coli PI-7 and 
DSM1103 in the various functional categories 

 
Functional Category Core PI-7 DSM1103 
Amino Acids and Derivatives 307 1 6 
Carbohydrates 571 15 43 
Cell Division and Cell Cycle 37 0 0 
Cell Wall and Capsule 224 6 9 
Clustering-Based Subsystems 620 15 21 
Cofactors, Vitamins, Prosthetic Groups, Pigments 252 2 2 
DNA Metabolism 109 4 1 
Dormancy and Sporulation 4 0 0 
Fatty Acids, Lipids, and Isoprenoids 96 0 19 
Iron acquisition and metabolism 23 1 26 
Membrane Transport 141 35 21 
Metabolism of Aromatic Compounds 3 17 0 
Miscellaneous 51 6 0 
Motility and Chemotaxis 72 2 0 
Nitrogen Metabolism 52 4 0 
Nucleosides and Nucleotides 133 0 1 
Phages, Prophages, Transposable elements, Plasmids 7 5 19 
Phosphorus Metabolism 42 0 0 
Potassium metabolism 24 0 0 
Protein Metabolism 263 1 1 
Regulation and Cell signaling  

     Programmed Cell Death and Toxin-antitoxin Systems 13 6 7 
    Quorum Sensing and Biofilm Formation 4 8 0 
    Regulation of Cell Virulence 8 0 0 
    No Subcategory 94 2 3 
Regulons 11 0 0 
Respiration 152 6 2 
RNA Metabolism 237 0 1 
Secondary Metabolism 5 8 0 
Stress Response 163 2 1 
Sulfur Metabolism 54 0 1 
Virulence, Disease and Defense 88 7 1 

Numbers were obtained through comparisons performed using RAST 26, 27. 
“Core” column refers to functions that were found to be shared by the two E. coli isolates. 
0 = no unique functions found for that bacterium in that particular functional category. 
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Figure S1. Percentage of genes significantly up- and down-regulated for each of E. coli 
DSM1103 and PI-7 at different phases of exposure to simulated solar irradiance in buffer 
solution 

The normalized bar lengths indicate the proportion of genes that were either upregulated 
(light) or downregulated (dark), for the indicated E. coli, out of the total number of 
differentially regulated genes for that particular E. coli for the indicated phase only. 
Numbers shown inside the bars refer to the numbers of genes differentially regulated in 
the corresponding direction. 
“Core group” category refers to genes that were significantly differentially regulated (by 
≥2-fold) in the same direction consistently at all phases. 
Decay phases for PI-7 are as follows: 0 h = prior to solar irradiation; 3 h = mid-lag phase; 6 
h = early-decay phase; 9 h = mid-decay phase; 14.5 = late-decay phase. 
Decay phases for DSM1103 are as follows: 0 h = prior to solar irradiation; 2 h = early decay 
phase; 3.5 h = mid-decay phase; 6.5 h = late-decay phase. 
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Figure S2. Inactivation curves of E. coli PI-7 in PBS in absence or presence of efflux pump 
inhibitor PAβN 

EPI: 50 µg/mL efflux pump inhibitor. 
E. coli PI-7 with EPI showed reduced lag phase and half-life compared with PI-7 without 
EPI. 
One-way ANOVA analysis on log-reduction in dark samples with and without the EPI 
showed that 50 µg/mL of PAβN had no toxic effect on the bacteria (p = 0.9200). 
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Figure S3. Inactivation curves of E. coli DSM1103 in PBS in absence or presence of efflux 
pump inhibitor PAβN 

EPI: 50 µg/mL efflux pump inhibitor. 
E. coli DSM1103 with EPI showed no significant change in lag phase length but a reduced 
half life compared with DSM1103 without EPI. 
One-way ANOVA analysis on log-reduction in dark samples with and without the EPI 
showed that 50 µg/mL of PAβN had no toxic effect on the bacteria (p = 0.2124). 
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Figure S4. RNA-seq and RT-qPCR fold-change in E. coli PI-7 at the early-decay and mid-
decay phases 

RNA-seq fold change was calculated as explained in Supplementary Information 5. 
RT-qPCR fold-change values were generated as explained in Supplementary Information 8. 
Dotted line at fold-change =1 indicates where expression values (RNA-seq) or proportion 
to housekeeping gene uidA (RT-qPCR) are equal between irradiated and dark samples. 
Values above the line indicate upregulation, while those below indicate downregulation. 
Asterisks (*) denote significant differential expression by 2-fold for RNA-seq data. 
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Figure S5. RNA-seq and RT-qPCR fold-change in E. coli DSM1103 at the early-decay and 
mid-decay phases 

RNA-seq fold change was calculated as explained in Supplementary Information 5. 
RT-qPCR fold-change values were generated as explained in Supplementary Information 8. 
Dotted line at fold-change =1 indicates where expression values (RNA-seq) or proportion 
to housekeeping gene uidA (RT-qPCR) are equal between irradiated and dark samples. 
Values above the line indicate upregulation, while those below indicate downregulation. 
Asterisks (*) denote significant differential expression by 2-fold for RNA-seq data. 
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