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Abstract 21 

 22 

Extracellular DNA (eDNA) cannot be effectively removed by most of the existing wastewater 23 

treatment technologies and can contribute to the gain of new functional traits when transformed 24 

into competent bacteria present in downstream environments. This study evaluates the 25 

contributions of solar and UV-C254nm irradiation to the transformation of eDNA in Acinetobacter 26 

baylyi ADP1. Solar irradiation was evaluated because it is a natural environmental stressor to 27 

which eDNA would be exposed during wastewater reuse. UV-C254nm was evaluated as an 28 

alternative to a chlorine-based disinfection strategy. Our findings showed that solar disinfection 29 

increased the natural transformation frequency by up to 2.0-fold after irradiance at 153 mJ cm2 -1. 30 

This was largely mediated by reactive oxygen species (ROS) generation, which was correlated 31 

with an upregulation of both DNA repair (recA and ddrR) and competence (comA and pilX) genes. 32 

In contrast, even though UV-C254 nm exposure was accompanied by upregulation of DNA repair 33 

(recA, ddrR, and uvrB) genes and, hence, possibly higher integration rates of eDNA, we observed 34 

a concentration-dependent decrease in transformation rates. This decrease in transformation was 35 

likely due to UV dimerization of eDNA, which resulted in the integration of damaged genes that 36 

cannot be transcribed into any functional gene products. These results imply that even though 37 

sunlight stimulates eDNA uptake and integration in the natural environment, UV disinfection 38 

implemented at a treatment plant can potentially minimize subsequent detrimental effects by 39 

damaging extracellular genetic material and ensuring that there is no substantial expression of 40 

these transformed genes. 41 

 42 

 43 

 44 

  45 
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1. Introduction 46 

Water scarcity and antibiotic resistance have been designated as global threats to public health 47 

by the World Health Organization 1, 2. Four billion people worldwide face severe water scarcity 3, 48 

which has led to wastewater treatment and reuse initiatives to alleviate freshwater exhaustion and 49 

achieve food security. However, wastewater reclamation has to be conducted without 50 

compromising public health or environmental safety. 51 

Retrofitting existing wastewater treatment plants (WWTPs) with microfiltration 52 

membranes would achieve a higher removal efficiency of bacterial cells, including antibiotic-53 

resistant bacteria (ARB), mitigating the biological risks incurred during reuse. However, 54 

extracellular DNA (e.g., naked DNA containing antibiotic resistance genes, ARGs) is neither 55 

effectively rejected by size exclusion nor completely adsorbed onto the membrane biofoulant layer 56 

4. For example, the amount of extracellular DNA (eDNA) detected in the effluent from a membrane 57 

bioreactor (MBR) was higher than the levels detected in an effluent stream receiving discharge 58 

from a parallel activated sludge system operated within the same WWTP5 (4.2 ng/mL vs. 1.7 59 

ng/mL) 5. 60 

These effluent matrices contain viable bacterial cells and eDNA, which will interact with 61 

various physical and chemical agents that may be present in the final stage of treatment in a WWTP 62 

as well as in the natural environment where reuse takes place. Such agents include disinfection 63 

byproducts (DBPs) arising from the use of chlorine and other disinfectants during the last treatment 64 

step. In a recent study, we showed that DBPs increase natural transformation rates in Acinetobacter 65 

baylyi ADP1, a ubiquitous and naturally competent microorganism 6. We demonstrated that the 66 

increase in transformation rates in response to bromoacetic acid (BAA) exposure was linked to the 67 

ability of this compound to generate mutagenic stress via reactive oxygen species (ROS). 68 
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Mutagenic DNA damage led to increased expression of recA, which can potentially facilitate the 69 

integration of eDNA into the genome of recipient bacterial cells 6. 70 

In addition to DBPs, another relevant environmental mutagenic stressor is solar irradiation. 71 

Sunlight exerts its main biocidal effect through UV radiation and, to a lesser degree, the production 72 

of ROS. Since we previously showed that mutagenic stress is the leading cause of increased 73 

transformation, we hypothesized that sunlight exposure would also facilitate the integration of 74 

extracellular genes into A. baylyi ADP1. However, studies have not been conducted to validate 75 

this hypothesis.   76 

Since sunlight is likely to facilitate the fixation of eDNA in the recipient microbial pool, a 77 

nonchlorine-based disinfection strategy is needed to mitigate problems associated with the eDNA 78 

remaining in post-MBR effluents (low-turbidity waters). UV-C254 nm is a direct damaging agent 79 

that dimerizes pyrimidine bases in DNA 7, 8. While there have been studies evaluating the 80 

application of UV disinfection for the removal of extracellular and intracellular ARGs using 81 

transformation as a quantification tool 9, 10, the effect of UV-C254 nm on natural transformation rates 82 

during bacterial disinfection has not yet been evaluated. 83 

In this study, solar irradiation and UV-C254 nm disinfection were tested on a recipient-reporter 84 

strain derived from Acinetobacter baylyi ADP1 (BD413) 11 in the presence of extracellular donor 85 

DNA. Further investigation was performed to assess the molecular mechanism underlying changes 86 

in natural transformation rates upon exposure to both light-based stressors. The findings from this 87 

study provide insights into how sunlight contributes to the horizontal gene transfer (HGT) of 88 

eDNA in the natural environment and whether UV-C254 nm could be used as an alternative 89 

disinfection strategy to minimize the transformation potential of eDNA prior to discharge/reuse. 90 

 91 
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2. Materials and methods 92 

2.1. Bacterial strain for determining natural transformation. 93 

The reporter strain of A. baylyi ADP1 (BD413) was used as a model bacterium to determine natural 94 

transformation frequencies, as Acinetobacter spp. are commonly detected in the environment and 95 

in wastewater 12, 13. The recipient strain 11 carries a marker-reporter rescue cassette (rbcL-ΔP 96 

aadA::GFP) integrated into the bacterial chromosome between the lipB and lipA genes. The gene 97 

fusion (aadA::GFP) encoding spectinomycin resistance (aadA) and green fluorescent protein 98 

(GFP) lacks a functional promoter and is therefore not expressed in the recipient strain. To restore 99 

the expression of aadA::GFP, donor DNA carrying a constitutive functional promoter is used 100 

(rbcL-Prrn-aadA). Upon the uptake of the donor DNA, homologous recombination takes place 101 

between the flanking rbcL and aadA loci, leading to the insertion of the Prrn promoter upstream of 102 

aadA::GFP. The integration of the promoter activates the transcription of the gene fusion, 103 

restoring spectinomycin resistance and fluorescence. A. baylyi was cultivated at 37°C on LB Miller 104 

agar supplemented with kanamycin (50 μg mL-1) and rifampicin (50 μg mL-1). After overnight 105 

cultivation, a single colony was inoculated into 50 mL of fresh LB broth supplemented with the 106 

abovementioned concentrations of kanamycin and rifampicin. The culture was incubated overnight 107 

at 37°C at 200 rpm. The cells were harvested by centrifugation at 5000 g for 10 min. The cell 108 

pellets were washed twice with 1X PBS. Washed cells were standardized on the basis of the OD660 109 

value to a final concentration of 2 x 108 cells/mL in 1X PBS. This standardized cell suspension 110 

was used as the inoculum for all subsequent transformation assays. 111 

 112 

 113 

 114 
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2.2. Effect of solar irradiation on natural transformation. 115 

Solar irradiation experiments were conducted using an Atlas Suntest® XLS+ photosimulator 116 

(Ametek, Mount Prospect, IL) equipped with a xenon arc lamp. To ensure that UV-C did not play 117 

a role in inactivating A. baylyi, the solar simulator was programmed to only emit light with 118 

wavelengths between 280-800 nm at an irradiance of 27.86 mJ/h. Moreover, a filter blocking 119 

wavelengths shorter than 280 nm was placed above each beaker containing A. baylyi with or 120 

without donor DNA. The irradiance profile of the photosimulator compared to actual sun exposure 121 

is shown in Supplementary Figure S1, and the absorbance profile of the medium is shown in 122 

Supplementary Figure S2. The inactivation kinetics of A. baylyi in both 1X PBS and Luria Broth 123 

(LB) media were first evaluated to determine the range of solar fluence that imposes a sublethal 124 

effect on A. baylyi. Bacterial concentrations were quantified over time through agar plating as 125 

colony forming units (CFU/mL). Further details of the solar irradiation experiments are presented 126 

in Supplementary Information 1. Subsequent transformation experiments were performed under 127 

sublethal (≤ 0.3-log reduction) solar fluence to minimize changes in the natural transformation 128 

frequency arising from cytotoxicity effects. 129 

 130 

2.3. Effect of UV-C254 nm disinfection on natural transformation. 131 

UV disinfection was performed using an 8 W monochromatic UVP lamp emitting light at the 132 

germicidal UV-C (254 nm) wavelength (Analytik Jena, Upland, CA). The samples were placed 133 

14.5 cm from the lamp, which resulted in 0.35 W/m2 of irradiance at 254 nm, measured with an 134 

SU-100-SS UV sensor (Apogee Instruments, Santa Monica, CA). The inactivation kinetics of A. 135 

baylyi in both the 1X PBS and LB media were determined based on cell counts quantified over 136 

time (0 to 15 min or 0 to 31.5 mJ/cm2) through agar plating. Further details of the UV-C254 nm 137 
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disinfection experiments are presented in Supplementary Information 2. Subsequent 138 

transformation experiments, as detailed in section 2.4, were performed at a sublethal UV intensity 139 

(≤ 0.3-log inactivation) to minimize changes in the natural transformation frequency arising from 140 

cytotoxicity. 141 

 142 

2.4. Transformation assays in the presence of sunlight or UV-C254 nm. 143 

To evaluate the changes in the transformation frequency in the presence of sublethal intensities of 144 

sunlight or UV-C254 nm, A. baylyi was inoculated into LB with 2 µg/mL of donor DNA containing 145 

the necessary functional promoter for the reporter gene to maintain an optimal ratio of donor DNA 146 

to A. baylyi cells (2 x 108 cells/mL) in each reactor. The samples were exposed to sublethal dosages 147 

(≤ 0.3 log-reduction) of either sunlight or UV-C254 nm. Two dark controls containing donor DNA 148 

and A. baylyi cells were included in each experiment. Two controls without donor DNA but with 149 

A. baylyi cells were also set up in the presence of light and in the dark. Each experiment was 150 

performed at least in triplicate and with up to eight biological replicates. After the tested exposure 151 

time to sunlight or UV-C254 nm, 1.5 mL of the contents of each reactor was transferred to a 2-mL 152 

centrifuge tube and placed in a shaker at 37°C for a 24 h duration of transformation. All samples 153 

were covered with aluminum foil during incubation to avoid photoreactivation, particularly in the 154 

UV-irradiated samples 14, 15. To monitor transformation, cell numbers were quantified by plating 155 

on Rif+ Kan+ Spec- LB and Rif+ Kan+ Spec+ LB agar (100 µg/L of Spectinomycin) after the 24 h 156 

period was completed. Transformation frequencies were calculated by comparing the cell numbers 157 

on Spec+ plates (transformants) to those on Spec- plates (total cell numbers). Transformation 158 

frequencies were then normalized in relation to those of the respective dark controls containing 159 

donor DNA, which represented the natural transformation frequencies without exposure to any 160 
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form of irradiance. This allowed the calculation of fold changes in transformation, providing a 161 

value normalized on the basis of a control for each set of experiments. Significant differences 162 

between the datasets of fold changes in natural transformation under each irradiation treatment 163 

were determined in comparison to the dark control with an independent t test, where p < 0.05 was 164 

considered significant. For all statistical analyses performed throughout this study, every data point 165 

(3 technical replicates per biological replicate) was taken as an individual point to account for 166 

deviations within a biological replicate. 167 

 168 

2.5. Role of ROS in natural transformation rates. 169 

To further explore the effect of ROS on the transformation frequencies in each treatment, an ROS 170 

scavenger was added in both the solar and UV-C254nm tests. Glutathione (GSH) is a well-known 171 

reductant that is able to neutralize oxidants such as free radicals, peroxides, and heavy metals. The 172 

import and export mechanisms of GSH in a variety of cells for use in the quenching of intracellular 173 

ROS have been reported previously 16-19. A 400 µM concentration of GSH was added to reactors 174 

exposed to both treatments. This concentration is high enough that GSH is supersaturated and 175 

available to reduce any ROS that would be generated but low enough that it did not cause a cellular 176 

response resulting in any significant difference between samples in the dark (data not shown). The 177 

transformation frequencies of the GSH+ and GSH- samples were compared at 69.6, 111.4, 153.2 178 

mJ/cm2 of irradiance in the solar assays and 2.1, 5.25, 10.5 mJ/cm2 of irradiance in the UV254nm 179 

assays; significant differences between the GSH+ and GSH- datasets at each irradiation sampling 180 

point were determined with an independent t test where p < 0.05 was considered significant. The 181 

GSH+ reactors were run in biological triplicates in the case of UV254nm treatment and with five 182 

biological replicates for solar irradiation treatment. The transformation frequencies of the GSH+ 183 



9 
 

and GSH- dark samples were not significantly different and are therefore not discussed in the 184 

results. 185 

 186 

2.6. Assessing the integrity of extracellular donor DNA in the presence of sunlight or UV-187 

C254 nm. 188 

The integrity of donor DNA is fundamental for successful natural transformation. To investigate 189 

the consequences of exposure of the donor DNA during the transformation experiments, a separate 190 

set of transformation assays was run using donor DNA exposed to either sunlight or UV-C254nm 191 

and nonirradiated cells. Pure donor DNA was exposed to either 153.2 mJ/cm2 of sunlight or 31.5 192 

mJ/cm2 of UV254nm or left unexposed and was then incubated with unexposed A. baylyi cells for 193 

24 h for transformation. The cellular and donor DNA concentrations were consistent with the 194 

protocol described in section 2.4, and these experiments were conducted in biological triplicates 195 

in each case. Statistical differences were determined by comparing the transformation frequencies 196 

at each irradiation level to those in the dark with an independent-samples t test, where p < 0.05 197 

was considered significant. 198 

 199 

2.7. Effect of irradiation treatments on A. baylyi gene expression. 200 

Samples of 1 mL were taken from the reactors described in section 2.3 at different time points: t = 201 

0, when no irradiation was present; early in the period of exposure to irradiation (1 min of UV-202 

C254nm exposure or 2.5 h of solar irradiance); and late in the period of exposure to irradiation (10 203 

min of UV-C254nm exposure or 5.5 h of solar irradiance). This procedure was performed twice as 204 

to obtain biological duplicates at each time point. These time points were chosen based on the 205 

curves of the inactivation kinetics of A. baylyi in LB medium (Supplementary Figure S3). The 206 
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samples were centrifuged at 10,000 g for 10 min at room temperature, and the supernatant was 207 

discarded. The cell pellets were then resuspended in 1 mL of RNAProtect® preservation reagent 208 

(Qiagen, Hilden, Germany) and preserved at 4°C until RNA extraction. To analyze mRNA 209 

expression in A. baylyi in response to the irradiation treatments, total RNA was extracted using the 210 

RNeasy Mini kit (Qiagen, with on-column DNase treatment. The extracted mRNA was converted 211 

to cDNA using the Invitrogen SuperScript III First-Strand Synthesis System (Thermo Fisher 212 

Scientific, Carlsbad, CA) based on the manufacturer’s protocol. Briefly, 6 µL of each mRNA 213 

sample was mixed with 50 ng of random hexamers and 1 µL of annealing buffer. Random 214 

hexamers were used because they are more suited for use with low-concentration RNA templates, 215 

as was the case in this study, particularly for those samples obtained after UV-C254 nm exposure. 216 

All reaction mixtures were incubated at 65°C for 5 min and then immediately placed on ice. The 217 

concentration of cDNA was measured with the Qubit dsDNA BR assay kit (Thermo Fisher 218 

Scientific), and the samples were stored at -20°C until reverse transcription quantitative PCR (RT-219 

qPCR). 220 

The genes selected for RT-qPCR included comA and pilX as representatives of competence-related 221 

genes as well as recA, ddrR, and uvrB as representatives of DNA repair genes. The functions of 222 

these genes and the primer sequences are provided in Table S1. The copy numbers of each target 223 

gene cDNA were normalized with respect to those of the housekeeping gene rpoB. The details of 224 

the standard preparation and SYBR Green-based qPCR procedures are provided in Supplementary 225 

Information 3. After generating standards with known copy numbers for each gene, relative 226 

concentrations were calculated with respect to the housekeeping gene rpoB. Normalized values 227 

were then compared in the irradiated and dark control samples to generate fold change values.  228 
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3. Results 229 

3.1. A sublethal level of solar irradiation, but not UV-C254 nm, increases natural 230 

transformation. 231 

A concentration-dependent increment of the natural transformation frequency compared to that 232 

observed in the dark controls occurred in A. baylyi cells exposed to sublethal but increasing 233 

intensities of solar irradiation (Figure 1a). At 69.6 mJ/cm2 (2.5 h exposure), there was a 1.4-fold 234 

change in the transformation frequency, which was significantly higher than that in the dark (4.6 235 

x 10-6 transformants/total cells) (p = 9.36 x 10-4). The fold change in the transformation frequency 236 

increased further to 2.0-fold at 153.2 mJ/cm2 (5.5 h exposure) compared to that in the dark control. 237 

In contrast, A. baylyi cells exposed to sublethal intensities of UV-C254nm experienced a 238 

concentration-dependent decrease in the natural transformation frequency compared to that 239 

observed in the dark (Figure 1b). At the lowest tested irradiance (1.1 mJ/cm2), the observed 0.8-240 

fold decrease in the transformation frequency was significantly lower than that in the dark (7.0 x 241 

10-6 transformants/total cells) (p = 0.025). The fold change in the transformation frequency 242 

decreased further to 0.3-fold compared to that in the dark at the highest sampled exposure intensity 243 

of 31.5 mJ/cm2 (15 min exposure). The fold changes in the natural transformation frequency upon 244 

exposure to sunlight were compared with that in a donor DNA-negative control (i.e., A. baylyi was 245 

exposed to the same treatment but in the absence of donor DNA). No transformed bacterial 246 

colonies were obtained in the absence of donor DNA in either the solar irradiation or UV-C254nm 247 

experiments (Supplementary Figure S4a and 4b). 248 

 249 

3.2. The increase in the transformation frequency upon exposure to solar irradiation is 250 

mediated by ROS. 251 
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In the presence of 400 µM glutathione (GSH), A. baylyi cells exposed to increasing intensities of 252 

solar irradiation no longer exhibited a concentration-dependent increase in the transformation 253 

frequency (Figure 2a). As a frame of reference, the baseline transformation frequencies were 8.98 254 

x 10-7 and 9.67 x 10-7 transformants/total cells for the dark controls of the solar and UV-C254 nm 255 

treatments with GSH, respectively. At all irradiances, there were no significant differences in the 256 

fold change values compared with those in the dark controls when GSH was added (p > 0.05). The 257 

fold changes in the transformation frequency under the higher irradiances of 111.4 and 153.2 258 

mJ/cm2 were significantly decreased in the presence of GSH (i.e., GSH+) compared to those in the 259 

absence of GSH (i.e., GSH-) under the same irradiance (p = 0.05 and 3.46 x 10-6). Similar addition 260 

of GSH to A. baylyi exposed to UV-C254 nm resulted in a weakened concentration-dependent 261 

decrease in the transformation frequency (Figure 2b). There was no significant difference in the 262 

fold change values between samples with and without GSH at all intensities of UV-C254nm exposure 263 

(p > 0.05), and the fold changes were still lower than those observed in the dark. 264 

 265 

3.3. The increase in the transformation frequency upon solar irradiation is associated with 266 

upregulation of genes related to DNA repair and competence. 267 

Natural transformation occurs via two steps: DNA uptake and DNA integration (Figure 3a). Genes 268 

related to these two steps were further evaluated. In the solar-irradiated samples, two genes 269 

associated with competence (i.e., comA and pilX) showed a concentration-dependent increase in 270 

the fold change in copy numbers (Figure 3b), with final fold change values of 3.8 and 4.4-fold for 271 

comA and pilX, respectively. Similarly, genes associated with DNA repair (i.e., recA, ddrR and 272 

uvrB) showed a concentration-dependent response with an increase in the solar exposure time 273 

(Figure 3b). 274 
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 275 

3.4. The decrease in the transformation frequency upon UV-C254 nm irradiation is not 276 

associated with upregulation of genes related to DNA repair. 277 

In the UV-C254nm-exposed samples, all three genes associated with DNA repair (i.e., recA, ddrR, 278 

uvrB) exhibited a concentration-dependent response to increasing exposure time (Figure 3c). In 279 

particular, recA and ddrR presented 5.4- and 3.4-fold changes, respectively, at the highest 280 

exposure intensity. Less than a 2-fold change in gene expression values was observed for all the 281 

other tested genes associated with competence, despite exposure to increasing UV-C254nm 282 

intensities (Figure 3c). 283 

 284 

3.5. A decreased transformation frequency is observed in UV-exposed donor DNA. 285 

The gene expression profiles obtained through RT-qPCR suggest that UV-C254nm causes damage 286 

to donor DNA that results in increased DNA repair and should consequentially result in 287 

increased integration of donor DNA into the recipient’s genome. Instead, we observed a 288 

concentration-dependent decrease in the natural transformation frequency (Figure 1b). We 289 

hypothesize that this was due to the integration of UV-damaged donor DNA into the A. baylyi 290 

genome, which would not be transcribed into functional gene products. To further verify this 291 

observation, donor DNA was subjected to the highest tested intensity of solar irradiation and 292 

UV-C254nm exposure in the absence of A. baylyi prior to transformation experiments. A 293 

significant decrease in fold change values was observed under exposure to UV-C254nm compared 294 

to that in the dark (p = 0.003), but no such increase was observed when exposed to solar 295 

irradiation (p > 0.05) (Figure 4). The average baseline transformation frequencies for the dark 296 

controls in these experiments were 1.07 x 10-6 transformants/total cells. The transformation fold 297 
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change value when donor DNA was first exposed to UV-C254 nm prior to transformation was 0.2-298 

fold (Figure 4). 299 

 300 

4. Discussion 301 

 302 

A positive concentration-dependent response between solar exposure and natural 303 

transformation in A. baylyi was observed, establishing a direct link between sunlight exposure and 304 

an increased transformation phenotype. The increase in the natural transformation frequency was 305 

found to be mediated by ROS, as demonstrated by the reversion of the transformation frequency 306 

to baseline levels in the presence of glutathione (i.e., an ROS scavenger) (Figure 2a). The observed 307 

increase in transformation was in agreement with our previous transformation results in A. baylyi 308 

6 and with recent findings showing a correlation between ROS and HGT via conjugation 20-22. 309 

Zhang et al. reported that oxidative stress triggered the expression of traJ, the positive 310 

regulator for the conjugative transfer operon encoding the structural genes of the conjugative 311 

apparatus 20. Similarly, exposure to sunlight led to a concentration-dependent increase in the 312 

expression of comA and pilX (Figure 3b), two essential components of the DNA translocation 313 

machinery in A. baylyi 23. The upregulation of these genes may result in higher DNA translocation 314 

rates during natural transformation, as we expect that increased abundances of these transcripts 315 

result in increased occurrence of translocation complexes. However, the upregulation of DNA 316 

translocation alone may not fully explain the observed increase in transformation rates, as 317 

integration of internalized foreign DNA into the chromosome of a bacterium is generally the rate-318 

limiting step in natural transformation, in which it is estimated that only 0.1% of the DNA 319 

fragments taken up by A. baylyi are successfully integrated into the genome 24. 320 
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The integration of foreign DNA into the bacterial chromosome is dependent on homologous 321 

recombination. Although homologous recombination varies widely among different organisms, it 322 

relies heavily on proteins from the RecA recombinase family 25, which bind to single-stranded 323 

DNA and initiate the exchange of strands between recombining DNA helices 26, 27. A link between 324 

increased expression of recA and increased transformation rates has been previously shown in 325 

Streptococcus pneumoniae 28 and A. baylyi 6. In agreement with these earlier reports, A. baylyi 326 

showed a consistent concentration-dependent increase in recA expression when exposed to 327 

sunlight irradiance (Figure 3b). In addition, other genes associated with stress responses were 328 

elicited in a similar manner. These genes included uvrB, which is involved in nucleotide excision 329 

and repair, as well as ddrR, which functions as a DNA-damage-inducible regulon in A. baumannii 330 

(Figure 3b). The observed increase in the expression of these genes suggests that solar irradiation 331 

caused DNA damage that the bacterium was actively trying to repair. Given that recA plays a 332 

shared role in both the repair of DNA double-strand breaks 29 and the chromosomal integration of 333 

foreign DNA during natural transformation 30, the upregulation of recA in response to solar 334 

irradiation would likely result in increased integration of donor DNA into A. baylyi ADP1. 335 

The mutagenic and genotoxic effects of sunlight in bacterial cells are partially attributed to the 336 

formation of ROS 31. To further test for a link between DNA repair and the observed increase in 337 

transformation frequencies, A. baylyi cells were exposed to sunlight in the presence of glutathione. 338 

In a previous study, we demonstrated that glutathione at 400 µM can effectively inhibit the 339 

mutagenic output in response to the generation of ROS in Salmonella enterica serovar 340 

Typhimurium TA100 6. In this study, glutathione reversed the transformation frequencies of cells 341 

exposed to sunlight irradiance to baseline levels (Figure 2a). These results, together with the gene 342 

expression data, establish a robust link between mutagenic damage caused by ROS and the 343 
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increase in transformation rates in A. baylyi. Our findings suggest that sublethal exposure to solar 344 

irradiation is a stressor that not only contributes to a potential increase in DNA uptake but also 345 

facilitates the integration of eDNA in the bacterial genome during natural transformation. Solar 346 

irradiation is therefore likely to play a significant role in the horizontal migration of eDNA 347 

discharged by wastewater treatment plants. 348 

A previous study showed that Legionella pneumophila cells that were pre-exposed to UV 349 

radiation exhibited increased rates of transformation 32. Nevertheless, in our study, exposure to 350 

UV-C254 nm led to a concentration-dependent decrease in the transformation frequency. At first 351 

glance, our results might seem to contradict the hypothesis that recA overexpression in response 352 

to mutagens results in higher transformation rates. However, in contrast to sunlight, UV-C254 nm is 353 

a direct and potent DNA damaging agent. As both cells and donor DNA were exposed to UV-C254 354 

nm in our study but not in the earlier study, in which only cells were exposed to UV, the decrease 355 

in transformation frequencies that we observed was likely caused by extensive damage to the 356 

extracellular donor DNA molecule itself. Thus, even if natural transformation pathways are more 357 

active due to an increase in recA expression, the integration of heavily damaged donor DNA will 358 

not lead to expression of the aadA::GFP cassette (i.e., donor DNA). 359 

To verify this observation, we treated unstressed A. baylyi cells (not subjected to sunlight or 360 

UV irradiance) with donor DNA that was i) pre-exposed to sunlight, ii) pre-exposed to UV-C254 361 

nm irradiance, or iii) kept in the dark (Figure 4). The results from this assay showed that only donor 362 

DNA pre-exposed to UV-C254 nm lost its ability to activate transcriptional gene fusion. UV-C254 nm 363 

damage to extracellular DNA has been extensively documented. McKinney and Pruden observed 364 

a 3- to 4-log reduction in ARG copy numbers when DNA was exposed to 200-300 mJ/cm2 of UV 365 

33. In accord with the mutagenic mode of action of UV radiation (pyrimidine dimerization), the 366 
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reduction in detection was strongly associated with the presence of adjacent thymine bases in 367 

ARGs 33. In another study, Chang et al. quantified the number of functional ARGs remaining after 368 

UV treatment by means of a transformation assay in A. baylyi 9. When exposed to 11 mJ/cm2 of 369 

UV-C irradiance, a 0.5-log reduction of transformability was detected, although no DNA backbone 370 

breaks were detected. Similarly, our transformation experiments with pre-exposed DNA led to a 371 

0.5-0.7-log reduction in transformability with no backbone breaks or DNA fragmentation detected 372 

on the donor DNA after exposure to UV-C254 nm (Supplementary Figure S5). In agreement with 373 

previous reports, our results confirm that the observed decrease in natural transformation 374 

frequencies was directly linked to irreparable damage to the extracellular donor DNA molecule. 375 

Considering that chlorine-based disinfection can result in toxic DBPs that have been shown to 376 

pose a potential health risk 34, 35 and that both chlorine and DBPs increase conjugation20 and natural 377 

transformation6 rates through ROS-mediated mutagenesis, UV-C254 nm potentially offers a safer 378 

alternative for disinfection. Our results demonstrate that UV-C254nm irradiation at sublethal 379 

concentrations inhibits transformation because it is capable of damaging extracellular DNA such 380 

that it becomes meaningless genetic information. This is particularly useful considering that 381 

natural environmental stressors such as solar irradiation can also contribute to natural 382 

transformation. Hence, damaging eDNA by UV-C254 nm treatment in a WWTP before the eDNA 383 

can be disseminated in the environment would minimize the risk associated with translocation and 384 

integration of extracellular genes into the genomes of viable competent cells that may be present 385 

downstream of the treatment process. 386 

Despite the potential advantages associated with UV-C254nm disinfection, this technology is 387 

only efficient in disinfecting waters of low turbidity and, hence, is more appropriate for application 388 

only to MBR effluents or treated potable water. Furthermore, this study was performed in 389 
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laboratory conditions and considered the effects of solar and UV-C254nm disinfection strategies on 390 

cellular counts only in pure bacterial cultures and on their natural transformation in vitro. In actual 391 

treatment systems, different bacterial populations within the total microbial community present 392 

different susceptibilities to solar and UV-C254nm disinfection. For example, Gram-positive bacteria 393 

can form spores and are generally more difficult to inactivate with UV-C254nm than are Gram-394 

negative bacteria 36-39. The proportion of naturally competent bacteria in the whole microbial 395 

community is also unknown, which complicates the determination of the actual transformation 396 

frequencies that may arise from the applied disinfection strategies. Finally, the treated wastewater 397 

is likely to contain myriad contaminants (e.g., chemical CECs) that are generally more complex 398 

than those evaluated in this study, and UV-C254nm alone might not be sufficient to ensure the overall 399 

quality of the final treated effluent. Instead, it may be necessary to combine UV-C254nm disinfection 400 

with other treatments, such as advanced oxidation, to further improve the process. Nevertheless, 401 

the findings of this study suggest that there is a need not only to assess disinfectant strategies for 402 

their efficacy in inactivating CECs but also to consider other unknown emerging threats such as 403 

HGT, particularly that arising from the transformation of naturally competent bacteria with 404 

extracellular ARGs. 405 
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Figure legends 420 

 421 

Figure 1. Transformation fold changes are shown in the trendlines for solar irradiation (a) and 422 

UV-C254nm irradiation (b). Transformation rates were normalized in relation to the rates of the 423 

dark samples and are shown as fold changes. Each circle corresponds to the individual fold 424 

change values of individual experiments under each indicated irradiance. The percent survival of 425 

the total cell population is noted above each sampling point or is labeled as “no cytotoxicity” 426 

(NC). All experiments were conducted at sublethal concentrations that resulted in a ≤ 0.3-log 427 

reduction in cell numbers. (a) There was a concentration-dependent response of the 428 

transformation rates with increased irradiance. (b) There was an inverse concentration-dependent 429 

response of the transformation rates in the case of UV-C254nm treatment. 430 

 431 

Figure 2. Transformation fold changes under solar irradiance (a) and UV-C254nm irradiance (b) 432 

in the presence and absence of 400 µM glutathione (GSH). Transformation rates were 433 

normalized in relation to the rates of the dark samples and are expressed as fold changes. 434 

Significantly different values (p < 0.05) compared with the respective GSH-lacking samples 435 

under the same irradiance are denoted with an asterisk (*). 436 

 437 

Figure 3. Genes involved in the natural transformation process and their fold changes in gene 438 

expression in the presence of solar and UV-C254 nm irradiation. A simplified visual schematic 439 

representation of the natural transformation process highlights the individual genes involved (a). 440 

Fold changes in gene expression in A. baylyi determined by RT-qPCR and normalized by rpoB 441 

for solar irradiation (b) and UV-C254nm (c). The selected genes are related to DNA damage and 442 

repair (recA, ddrR, uvrB), competence and pilus assembly (comA, pilX). Linear regression 443 

analysis was conducted using Graph Pad Prism 8 to determine whether the slope deviates from 444 

zero at α = 0.05. 445 

 446 

Figure 4. Transformation fold changes when donor DNA was subjected to solar (a) and UV-447 

C254nm irradiance (b) compared to DNA kept in the dark; all samples were exposed without A. 448 

baylyi cells. The treated donor DNA was then introduced to A. baylyi cells for transformation. 449 

Transformation rates were normalized in relation to the rates of the dark samples to determine 450 

fold changes. 451 

 452 

 453 

  454 
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