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ABSTRACT: Antibiotic resistance genes (ARGs; the genetic
material in bacteria that encode for resistance to antibiotics)
have been found in the aquatic environment, raising concerns of an
environmental transmission route. In an effort to contribute to
models predicting the fate of ARGs in the environment—to design
control measures, predict health risks, inform ARG surveillance
activities, and prioritize policy interventions—and given the
importance of sunlight in damaging DNA, we evaluated the
sunlight photolysis kinetics of antibiotic-resistant bacteria (ARB)
and ARGs under laboratory conditions, focusing on Escherichia coli
SMS-3-5 and its ARGs tetA and sul2. Experiments were conducted
in the absence of photosensitizers, and ARG decay rates were
quantified by quantitative polymerase chain reaction (qQPCR) with
short and long amplicon targets. Long amplicon qPCR targets quantified greater photolysis rate constants, due to greater ARG
coverage. After a lag phase, intracellular ARG had faster decay rates than extracellular ARG, likely due to the contribution of
intracellular indirect photolysis processes. Furthermore, all ARG decay rates were significantly slower than those of E. coli. Decay rate
constants and quantum yields are presented as foundational work in the development of models to describe the persistence of ARGs
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in sunlit, environmental waters.
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B INTRODUCTION

Antibiotic-resistant bacteria (ARB) are a growing global health
threat and jeopardize the ability of doctors to treat patients
using commonly prescribed antibiotics. The United States
Centers for Disease Control and Prevention estimate that in
the United States alone, approximately 2.8 million people
develop antibiotic-resistant infections each year, leading to
35900 annual deaths." In 2016, the United Nations declared
antibiotic resistance to be the “greatest and most urgent global
risk, requiring increased attention and coherence at the
international, national, and regional levels”.

ARB are often excreted in the feces or urine of infected
individuals, resulting in the presence of ARB and antibiotic
resistance genes (ARGs, i.e, DNA that codes for antibiotic-
resistant traits) in wastewater and at wastewater treatment
facilities.”* The presence of ARB and ARGs in wastewater can
present a challenge for the design and operation of water and
wastewater treatment processes: while ARB can be inactivated
by commonly used disinfectants, ARGs may be resistant to
decay,”® and often persist through wastewater treatment
processes and enter the environment.” Additionally, given
that many regions of the world lack sanitation infrastructure
and an estimated 80% of the world’s wastewater is discharged
without treatment,” ARB and ARGs are commonly discharged
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to the environment without prior disinfection. Waste streams
from agricultural livestock operations have also been found to
contain antibiotics and ARGs.”'® As a result, several studies
have found ARGs in aqueous environments, including surface
11 2 . . 13,14 .
waters, = groundwater, ~ and river sediment. Once in the
environment, there is concern that ARGs may pose a public
health risk, given that intra- and extracellular ARGs may
convey resistance to surrounding bacteria through horizontal
gene transfer mechanisms.”

In the natural water environment, and engineered treatment
systems such as wastewater treatment ponds, sunlight is an
important environmental stressor capable of microbial
inactivation.'> Sunlight exposure has been found to inactivate

. . 16 . . . 1. . 15,17
microorganisms, = including fecal indicator bacteria,

. 18,19 . 18—20
waterborne human viruses, and bacteriophages.
Sunlight is also known to damage DNA through direct and
indirect photolysis.”' Direct photolysis occurs when a photon
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of light is absorbed by DNA, which leads to damages through
the formation of photoproducts. The most commonly formed
DNA photoproducts are cyclobutane pyrimidine dimers
(CPD), in which adjacent pyrimidine bases (i.e., cytosine
and thymine) dimerize;**** additional photogroducts of direct
photolysis include 6-4 photoproducts.””*® Alternatively,
indirect photolysis involves photon absorption by intracellular
or extracellular photosensitizers, which subsequently form
highly damaging é)hotochemically produced reactive inter-
mediates (PPRI)." Singlet oxygen ('0,), an important PPRI
in indirect photolysis of DNA, has been observed to damage
guanine bases, forming photoproducts such as 8-oxo-7, 8-
dihydro-2'-deoxyguanosine (8-oxodGuo).**

Given the frequent detection of ARGs in the aquatic
environment and limited information available on their rates of
decay in sunlit waters, the goal of this research was to evaluate
and model the decay kinetics of ARB, and extracellular and
intracellular ARGs due to sunlight photolysis in clear water
(i.e, in the absence of exogenous photosensitizers). In
particular, laboratory-based experiments using simulated sun-
light were conducted to quantify direct photolysis rates and
quantum vyields of the ARGs tetA and sul2, which encode for
resistance to tetracycline and sulfonamides, respectively, and
inactivation kinetics of the antibiotic-resistant Escherichia coli
strain SMS-3-5 that contains both ARGs on the same plasmid.
The ARGs tetA and sul2 have previously been found in the
water environment. For example, an extensive study on the
ARG load in the influent and effluent of European wastewater
treatment plants detected sul2 by quantitative PCR (qPCR) in
over 90% of treated wastewater effluent samples analyzed.’
Stoll et al. detected sul2 by PCR in 77 and 100%, and tetA in 7
and 18% of surface water samples analyzed from Germany and
Australia, respectively.'' Li and Zhang detected tetA and sul2
by qPCR in 100% of biofilm, sediment, and water samples
analyzed from the Weihe River, China.>®

Previous work has focused on the role of engineered
disinfectants, including UV,,, on the decay kinetics and loss of
function of chromosomal ARGs® and ARGs on small, high
copy number plasmids—such as pUC19 [2686 base pairs (bp)
in length]***” and pWH1266 (8890 bp)*® with corresponding
model bacterial transformation systems. In this work, we
contribute to the literature on ARG photolysis with a focus on
sunlight irradiance, which differs from UV,, and for which
there is less data available in the literature. We also focus on a
much larger plasmid (pSMS3S5_130; 130 440 bp), originating
from the environmentally isolated E. coli SMS-3-5, which
harbors several antibiotic resistance genes.

Given previous research that demonstrated that DNA
photolysis rates may be underestimated when quantified
using only a short section of a gene or genome,””” sunlight
damage to each ARG was quantified using two qPCR assays:
one with a standard-length amplicon target and one with a
longer amplicon target (LA-qPCR; 744-1054 bp). qPCR using
a standard-length amplicon target [referred to as short
amplicon qPCR (SA-gPCR) herein] is a common method
used in surveillance studies of ARG in the environment.’*™**
However, SA-qPCR is typically conducted using an amplicon
target that is less than 200 bp, which is a small subset of the
total length of the genes of interest (i.e., on the order of 10°
bp), and therefore may not fully detect DNA damage across
the gene. Measured ARG photolysis rate constants were used
to develop a modeling framework for sunlight photolysis of
ARG and to quantify direct photolysis quantum yields.

B MATERIALS AND METHODS

Antibiotic-Resistant Bacteria and Genes. E. coli SMS-3-
S (ATCC BAA-1743) was kindly provided by Dr. Amy
Pruden’s laboratory at Virginia Tech. Fricke et al. found that E.
coli SMS-3-5 was tolerant of or resistant to 32 of 33 antibiotics
tested, including resistance to tetracycline and sulfonamides
(e.g, sulfathiazole, trimethoprim, and a trimethoprim—
sulfamethoxazole mixture).”* The tetA and sul2 genes targeted
in the present study reside on the same 130 440 base pair (bp)
plasmid pSMS35 130 (GenBank: CP000971.1) within the
genome of E. coli SMS-3-5. The tetA gene is 1275 bp long and
covers region 120487-121761 on the plasmid; sul2 is 816 bp
long and covers region 97753-98568. The sequences of tetA
and sul2 are provided in the Supporting Information (SI).

Preparation of ARB and ARGs. E. coli SMS-3-5 were
stored as glycerol stocks at —80 °C. To propagate bacteria, 100
uL of the glycerol stocks were inoculated into 25 mL of Luria—
Bertani (LB) broth (10 g L! tryptone, S g L yeast extract, 10
g L' NaCl) with 15 mg L™' ampicillin and streptomycin
antibiotics. After overnight incubation at 37 °C (on a rotary
shaker at SO rpm), the bacteria were inoculated into fresh
broth and incubated overnight again at 37 °C. The bacterial
culture was then washed four times through centrifugation at
10000 rpm for S min and resuspension in 25 mL of sterile
phosphate-buffered saline (PBS; 4.3 mM NaH,PO,, 15.8 mM
Na,HPO,, 145.4 mM NaCl, pH 7.5). The washed bacteria
were diluted to the final volume for experimentation and mixed
in the dark for 10—18 h before use in intracellular photolysis
experiments.

To obtain stock solutions of extracellular ARG, DNA was
extracted from stationary phase E. coli SMS-3—S5 cells using the
DNeasy Blood & Tissue Kit (Qiagen). Extracted DNA was
eluted in Buffer AE (provided by Qiagen: 10 mM Tris-Cl, 0.5
mM ethylenediaminetetraacetic acid (EDTA), pH 9),
aliquoted, and frozen at —80 °C until use in experiments.

Simulated Sunlight Photolysis Experiments. Sunlight
photolysis experiments were conducted for up to 72.5 h using a
1600 W solar simulator (Newport no. 94081A) with an ozone-
free Xenon bulb (Newport no. 62726), an AMO air mass filter
(Newport no. 81311), and an atmospheric attenuation filter
(Newport no. 71SI00091) to approximate a collimated beam
of sunlight; the uniformity of the beam was within 5% across
the irradiated area. The irradiance spectrum was measured at
the start of each experiment using a Stellarnet BLK-C
spectroradiometer (CR2 cosine receptor). The absorbance
spectrum of each experimental solution was measured using a
Cary Series UV—Vis—NIR spectrophotometer (Agilent Tech-
nologies). The solar simulator irradiance spectrum and
experimental solution absorbance spectra are provided in the
SI (Figure S1).

Separate experiments were conducted evaluating the
photolysis of extracellular and intracellular ARGs. To evaluate
simulated sunlight photolysis rates of extracellular ARG,
extracted DNA was diluted 10X in sterile PBS; PBS was
made in nuclease-free water, pasteurized, and filter-sterilized
through a 0.2 ym nylon membrane before use. The initial total
DNA concentration for the extracellular experiments was 2.68
+ 0.40 ng uL~', measured using the Qubit 1X dsDNA HS
Assay kit (Thermo Fisher Scientific). Two hundred microliter
volumes of the experimental solution were aliquoted into
sterile 10 mm diameter polypropylene tubes (Biologix Group
Limited no. 88-0103); the resulting solution depth was 0.5 cm.

https://doi.org/10.1021/acs.est.1c00732
Environ. Sci. Technol. 2021, 55, 11019—11028


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00732/suppl_file/es1c00732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c00732/suppl_file/es1c00732_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c00732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

The open tubes were placed underneath the solar simulator, in
an aluminum cooling block in a water bath that was maintained
at 18 + 2 °C by a recirculating chiller. Sample tubes were
covered with a 0.125 in. thick quartz plate (Technical Glass
Products) to allow transmission of the full spectrum of
simulated sunlight; the sides of the tubes were shaded by the
cooling block, to ensure that light only entered from the top of
the tubes, at an angle perpendicular to the surface of the
solution. The bottom of the sample tubes had a slightly conical
shape, but it was determined that the conical bottom did not
have a significant influence on the calculation of photon flux.
Dark control tubes were maintained in the same way, except
covered with aluminum foil to block light exposure. Samples
were collected sacrificially over time, by removing one tube for
each sample point. To obtain better data resolution, some
sample times were consistent across experiments, while others
differed. Samples were immediately capped and stored at —80
°C until analyzed by qPCR.

To evaluate photolysis of intracellular ARG, experiments
were conducted with ARB suspended in PBS with an average
initial ARB concentration of (6.07 + 4.86) X 10’ colony
forming units (CFU) mL™". One hundred and fifty milliliter
volumes of the bacterial stock solution were aliquoted into 250
mL beakers that were painted black and mixed with magnetic
stir bars. The resulting solution depth was 4.5 cm. Quartz discs
were placed over the experimental reactors. Dark control
reactors were covered in aluminum foil. The temperature was
controlled using the water bath as described previously. One
milliliter and 100 yL of subsamples were collected from each
experimental reactor at set time points for DNA extraction and
bacteria enumeration, respectively. Subsamples evaluated for
concentrations of culturable bacteria were placed on ice in the
dark and analyzed within 4 h. Subsamples evaluated for ARG
decay were immediately stored at —80 °C until DNA
extraction.

Enumeration of ARB. E. coli SMS-3-5 were enumerated as
CFU using the spread plate method, with 20 xL inocula and
LB agar (10 g L™ tryptone, 1 g L™ yeast extract, 8 g L™! NaCl,
15 g L7" agar). ARB inactivation rates were modeled using eq
1, in which C, is the initial bacteria concentration (CFU
mL™), C, is the concentration (CFU mL™") at time ¢ (h), and
kopsars (h™') is the first-order observed inactivation rate

. . C
constant of the ARB. To determine k, orp, replicate —ln(c—‘)
0

values for each time point were pooled and plotted versus
time; k., arp Was calculated as the slope of the best-fit linear
regression line. The standard error of k srp Was calculated as
the standard error of the slope.

g
In| —
Co (1)
Enumeration of ARGs by qPCR. Two qPCR assays were
used to quantify each ARG. Long amplicon assays (LA-qPCR)
targeted 1054 and 744 bp regions of the tetA and sul2 genes,
respectively, whereas short amplicon assays (SA-qPCR)?
targeted 71 and 105 bp of tetA and sul2, respectively. Primer
sequences are provided in Table S1. The primers for the sul2
long amplicon assay were designed for this study using UGene
software.”> All other primer sequences were published
previously.” All qPCR assays were conducted using a
QuantStudio 3 real-time PCR system (Applied Biosystems),
using SsoFast EvaGreen Supermix with Low ROX (Bio-Rad).

] = _kobs,ARBt

11021

Each 20 uL of qPCR reaction consisted of 10 uL of 2X
Supermix, 400 nM of forward and reverse primers, 1 yL of
template DNA, and sterile DNase-free water for dilution to the
total volume.

The cycling parameters were the following: one cycle at 98
°C for 2 min, 40 cycles of 98 °C for 5 s, the annealing
temperature (listed in Table S1 for each assay) for 10 s, and 72
°C for 65 s, followed by a melt curve. The elongation time of
65 s was used based on preliminary findings and results from
the literature that showed an increase in czlPCR efficiency with
a longer elongation time for LA-qPCR.”® All samples were
analyzed in triplicate qPCR reactions. Serial dilutions of
extracted DNA were run on each plate to quantify
amplification efficiency. All efficiencies fell between 75 and
100% with the exception of two plates: R* values of the
standard curves were consistently high [R* = (0.97 + 0.03)].
Given that whole extracted DNA was used to create standard
curves for relative quantification, we believe that measured
amplification efficiencies were good representations of the
amplification efficiencies of individual samples.

Calculation of First-Order Decay Rate Constants for
Extracellular ARG (Kip, earc)- In this study, ARG decay was
defined as the loss in qPCR signal over time. Relative ARG
quantities were measured and used to calculate the first-order
decay rate constant for each ARG, using a derived AACq
approach that is based on measured qPCR quantification cycle
thresholds (Cq) for each sample, and the efficiency of the
qPCR reaction. A derivation of the AACq approach is detailed
in the Supporting Information (eqs S5—S12), and its use in
quantifying the first-order decay rate constant for extracellular
ARG i (Kipsearg) is illustrated in eq 2, where Ampg is the
amplification factor of the qPCR reaction (equal to the decimal
value of the amplification efficiency + 1; eq S10), Cqq is the
gPCR quantification cycle for samples collected at t = 0, and
Cq, is the quantification cycle for samples collected at time t.
To determine ki, arg, replicate In(Ampgi°~“4") values for each
time point were pooled and plotted versus time; ki .arg Was
calculated as the slope of the best-fit linear regression line.

In(Amp, ™) = — @)

Calculation of First-Order Decay Rate Constants for
Intracellular ARG (ki iarg)- To quantify tetA and sul2 decay
in subsamples collected during intracellular photolysis experi-
ments, DNA extraction was conducted for all samples from the
same experiment at the same time. The total concentration of
extracted DNA in each sample was determined using the Qubit
1X dsDNA HS Assay kit (Thermo Fischer Scientific). To
account for potential differences in extraction efficiency
between subsamples in the same time series (which could
artificially impact observed DNA decay rates), and under the
assumption that all subsamples should have the same total
DNA concentration (given that they originated from the same
stock solution), In(Amp§?°~“") values for each sample were
normalized by the measured extracted DNA concentrations
(Figure S2). The resulting equation that describes the first-
order observed decay rate constants for intracellular ARG i
(Kipsiarg) is presented as eq 3, where Y; is the total DNA
concentration (ng #L™") of the extracted time t = 0 sample and
Y, is the total DNA concentration (ng uL™") of the extracted
time ¢t sample. The derivation of eq 3 is presented in the
Supporting Information (eqs S13—S15). To determine

kipsiargs Teplicate — (ln(AmpFCqO_th) + 1n(%)) values for
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each time point were pooled and plotted versus time; kb, iarc
were calculated as the slope of the best-fit linear regression line.

Y .
ln(AmpFCqO_cqt) + In(YO] = _k:)bs,iARGt
t

()

In addition to the log-linear first-order decay model described
in eq 3, a multitarget model was used to calculate the first-
order decay rate constant for intracellular ARG (kbpgiargm)s tO
account for shoulders observed in the intracellular ARG decay
curves. This method has been previously described in detail by
Silverman et al.’’ The equation for the multitarget model is
provided in eq 4, where m' is the shoulder constant.

Y,
ln(AmpFCqO_qu) + ln[?o]

=In(1-(Q1 - eXp(_kci)bs,iARG,mt))mi) 4)

Quantum Yield of Direct Photolysis. In the context of
this study, the quantum yield of direct photolysis (¢)') is the
ratio of mol ARG i degraded (as quantified by LA-qPCR) to
mol photons absorbed by the long amplicon target of the ARG.
@' of direct photolysis (eq S) were calculated based on
measured decay rates from extracellular DNA decay experi-
ments (kiysearg), given that it is assumed that only direct
photolysis was involved in DNA damage during these
experiments, whereas there was potential of additional
processes (e.g, endogenous indirect photolysis and DNA
repair) to occur during intracellular photolysis experiments.
The decay rate of the long amplicon qPCR target was used as a
proxy for the decay rate of the full gene. This assumption was
based on similar lengths of the long amplicon target and the
gene. For example, the long amplicon target for tetA covers
82.7% of the gene, and that of sul2 covers 91.2% of the gene (a
summary of amplicon lengths is provided in Table S1).

350 nm -1

(bl = k:)bs,eARG 2.303 z <p§>'8/1,normDNA'82165'AA
280 nm
©)
In eq 5, € nompna is @ DNA photoaction spectrum that
consists of values normalized by the value at 265 nm (unitless),
€h6s is the extinction coefficient of the double-stranded, long
amplicon qPCR target of ARG i at 265 nm [L(mol ARG)™’
cm™'], (pd) is the spectrum of average photon flux density
transmitted through the water column (mol photons m™> s~
nm™'), which was calculated based on the solar simulator
irradiance spectrum (described in eqs S1—S3 of the Supporting
Information), and A4 is the wavelength interval (nm) between
measurements for each spectrum (A4 = 1 nm herein). The
summation in eq S was calculated over a range of wavelengths
from 280 to 350 nm; negligible photons are absorbed by the
DNA at wavelengths greater than 350 nm (Figure 1b). The
2.303 conversion factor in eq 5 was used to convert the decadic
absorbance spectra (used in the determination of the &5 by
Tataurov et al.sg) to Napierian.
€)nompna describes the wavelength-dependent relative
sensitivity of DNA to light and was determined by extracting
photoaction spectrum data presented in a figure by Setlow et
al® using WebPlotDigitizer,40 then fitting a curve through the
data using a four-parameter logistics curve using GraphPad
Prism 8 software (eq 6). We chose to use the DNA
photoaction spectrum instead of extinction coefficient spectra

i
109 (£, normDNA€E 265nm)
S
1

2_
0 uvc uvB UVA
250 300 350
Wavelength (nm)
& . b
<3 i | — fotALA
3 i i
Q i | — Sul2LA
2 2 ! !
o 1 i
] i i
< | |
o 1 i i
5 1 i
K] i |
15} uve ! i UVA
& 0+ + T t 1
250 300 350

Wavelength (nm)

Figure 1. (a) Adjusted photoaction spectra [i.e., 10g(€; normpNa"E6s);
(L mol™ e¢m™)] for double-stranded, long amplicon (LA) qPCR
targets of tetA and sul2, and (b) action-weighted photon absorbance
spectra, i.e., (pI)€; normpNa-Engs Of the double-stranded, long amplicon
targets of tetA and sul2. The interfaces of UVC (100—280 nm), UVB
(280—320 nm), and UVA (320—400 nm) regions are shown as
vertical lines. The percentage of total photons absorbed for both the
tetA and sul2 long amplicon targets are 94 and 4% in the UVB and
UVA regions, respectively.

in eq 5 given that we were unable to determine wavelength-
specific values of ¢’ due to the broadband nature of the solar
simulator. Previous research has illustrated wavelength—sgeciﬁc
sensitivity for the quantum yield of formation of CPD,* and
we therefore assume that there is wavelength specificity to ¢'.
The use of the DNA photoaction spectrum, which bundles
both the wavelength-specific light absorbance of DNA and
wavelength-specific sensitivity to damage into one spectrum,
allows us to account for differences in ¢’ across the incident
light spectrum. Therefore, in essence, the ¢’ determined herein
are scaling factors for this sensitivity curve.

5.88-47%3
A7 4 308.87° (6)

€)normpNA COnsists of a spectrum of values normalized by the
value at 265 nm (i.e, &5n0mpna = 1). To obtain absolute
values, £5; (the extinction coefficient of ARG i at 265 nm) was
used to adjust the magnitude of &, ,.mpna for specific DNA
targets. €5 was determined to be 1.54 X 10” and 1.09 X 10" L
mol™" ecm™ for the double-stranded, long amplicon sequences
of tetA and sul2, respectively, using the nearest-neighbor model
by Tataurov et al,,”® which estimates nucleic acid extinction
coeflicients based on the DNA sequence and interactions
between adjacent bases and base pairs. The DNA photoaction
spectra [i.e., 10g(€) ,ormpna-€365)] and action-weighted photon
absorption spectra (i.e., (P9)€;normpna-Erss-A4) for each long
amplicon ARG target are presented in Figure 1.

Statistical Analysis. All statistical analyses were conducted
in GraphPad Prism 8 software. Two-tailed hypothesis tests
were conducted to test the null hypothesis that slopes of best-
fit linear regressions are the same and therefore determine if
first-order reaction rate constants were significantly different
from each other. P-values were computed at a 95% confidence
interval, where P less than 0.0S indicates significant differences.
All rate constants are presented with the standard error, unless
stated otherwise.

1Og(‘gﬁ,normDNA) = —-5.84 +
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B RESULTS AND DISCUSSION

Extracellular ARG Photolysis. The first-order observed
photolysis rate constants of extracellular ARG in PBS
(Kipsearc), measured using LA-qPCR, were (2.22 + 0.14) X
107> h™ (R*=0.90) and (1.57 + 0.17) X 107> h™" (R* = 0.73)
for tetA and sul2, respectively (Figure 2); kipsearg Of the two

a. Extracellular tetA

Time (h)

b. Extracellular sul2

O/o Short Amplicor:
m/e Long Amplicon
0 20 40 60 80
Time (h)

Figure 2. Simulated sunlight photolysis of extracellular ARG (a) tetA
and (b) sul2 in PBS. Each point represents individual replicate
measurements from four experiments conducted on two separate
days. Error bars represent the standard deviation of triplicate gPCR
reactions for that data point.

extracellular ARG were found to be significantly different from
each other (P < 0.01). These kg carg resulted in
approximately 0.76 log and 0.52 log decay of extracellular
tetA and sul2 over 70 h, respectively. Given that experiments
were conducted in photosensitizer-free solution, ARG
degradation was attributed to the direct photolysis mechanism.
Furthermore, kgbs,eARG in dark control samples quantified using
LA-gPCR were found to be insignificant (Figure S3): the dark
decay rate of sul2 [(—1.81 + 1.30) X 107> h™" (R* = 0.12)] was
not statistically different from zero (P = 0.18); the dark decay
rate of tetA [(6.05 = 2.74) x 10~ h™! (R* = 0.27)] was
similarly low; however, it was found to differ statistically from
zero (P < 0.05). These results indicate that dark processes did
not contribute to ARG decay in this experimental system, and
all decay can be attributed to photolysis.

Extracellular ARG decay rate constants measured using SA-
qPCR were significantly lower than those measured with LA-
gqPCR (P < 0.0001; Figure 2). The SA-gPCR decay rate
constant of sul2 was low [(2.54 + 1.05) x 107 h™' (R* =
0.22)], although statistically different from zero (P < 0.05); the
decay rate constant for tetA [(—1.21 + 1.02) X 10> h™ (R* =
0.06)] was not found to be significantly different from zero (P
=0.25). For the tetA SA-qPCR assay, some qPCR reactions (at
a seemingly random frequency) produced a melt curve that
exhibited two peaks, indicating the possible formation of an
additional nontarget PCR product. We reanalyzed the data
after removing data points that had a second peak in the melt
curve and found no impact on the measured tetA SA-qPCR
kipsearc- Nonetheless, if this assay were to be used in the
future, one should be aware of the potential issue.

Our SA-qPCR findings parallel others in the literature. For
example, studies evaluating UV, decay of ARG have observed

decay rate constants to increase with the length of the qPCR
amplicon, which was attributed to an increase in the number of
UV,s, damage targets being captured by the assay.”**~*%*!
Chang et al. evaluated UV, inactivation of extracellular ARGs
on a plasmid pWH1266 (containing tetA and blargy. ;) and
quantified ARG decay using SA-qPCR, LA-qPCR, and
transformation assays.”® Chang et al. observed that first-order
decay rate constants of ARGs quantified using LA-qPCR were
larger than those using SA-qPCR, and also found that LA-
qPCR underestimated loss of ARG transformation.”® He et al,,
in their study on UV,, inactivation of the chromosomal ARG
blt from Bacillus subtilis 1A189,° and Nihemaiti et al,, in their
study on UV, inactivation of amp® encoded in plasmid
pUC19,” had similar findings: ARG degradation quantified by
qPCR using amplicons of 266 bp and less than 400 bp,
respectively, underestimated ARG deactivation (as quantified
using transformation assays). Additionally, Nihemaiti et al.
showed that the deactivation kinetics of amp® was also
dependent on the recipient cell used in transformation
experiments, and the cell’s ability to repair DNA.”” Additional
research is needed to understand if similar phenomena apply
here in regard to loss of gene function due to sunlight
photolysis.

While an ongoing objective of this work is to quantify the
loss of gene function due to sunlight photolysis, we were
unable to assess a decay in function of tetA and sul2 on the
plasmid evaluated herein due to its size (130 440 bp), and the
challenges of conducting bacterial transformation with large
plasmids. We attempted to conduct transformation using One
Shot MAX Efficiency DH10B-T1® Competent Cells (Invi-
trogen; Catalog no. 12331-013; assay conducted according to
the manufacturer’s instructions) and through electroporation
using MegaX DH10B-T1* Electrocompetent Cells [Invitrogen;
Catalog no. C640003; assay conducted according to the
manufacturer’s instructions using Bio-Rad Micro Bio-Spin P-6
Gel columns with Tris buffer to desalt DNA samples, and a
Bio-Rad MicroPulser to electroporate samples using a
preprogrammed setting for E. coli (V = 2.5 kV)]. For both
assays, the transformation control (i.e., the supercoiled pUC19
plasmid with an ampicillin resistance gene) was able to confer
ampicillin resistance to recipient cells, indicating that the assay
itself was working; however, DNA extracted from E. coli SMS-
3-5 was not able to confer tetracycline or sulfamethoxazole
resistance to recipient cells. The inability to transform recipient
bacteria with the plasmid used in our experiments could be due
to an inability of the recipient cells to uptake large plasmids or
due to shearing of the plasmid during the DNA extraction from
the E. coli SMS-3-5 cells, which could displace genetic elements
necessary for gene expression (e.g, promoter regions).
Although other studies have demonstrated the quantification
of ARGs using smaller plasmids and model transformation
systems,””~*? additional method development and optimiza-
tion is required to assess loss of gene function of ARGs
originating from large, low copy number, environmentally
isolated plasmids. Nonetheless, we hypothesize that direct
sunlight photolysis will result in a faster decay of ARG function
than the decay of the LA-qPCR signal.

Given that measured decay rates depend on qPCR amplicon
length (in effect, the number of potential sites of CPD
formation), ki, .arg Were normalized by the length of the LA-
qPCR assays to enable comparison between targets; this
normalized value was designated k.., (h™' bp™') (eq S16).
The resulting kjom carg Of extracellular fetA and sul2 were not
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significantly different from each other; the average ki, carg *
standard deviation was (2.11 + 0.18) X 10> h™' bp~". An
additional analysis was conducted to calculate the decay rate
constants as a function of the number of potential CPD sites in
each qPCR amplicon (Table S3): extracellular decay rate
constants determined using LA-qPCR were normalized by the
number of adjacent thymine sites (TT; eq S17) in the double-
stranded sequence of the long amplicon assays (Table S4).
The average kimrm,eARG,TT + standard deviation was (2.56 =+
0.25) X 107* (h™'(TT doublets)™"). We did not model decay
rate constants based on all potential CDP sites (i.e., TT, TC,
CT, CC) due to limited knowledge on the wavelength
specificity of the relative quantum yields of formation and
molar absorptivities of each CPD. Nonetheless, modeling
based on the number of TT is valuable given that TT sites
have greater photoreactivity than the other CPDs."

Zhang et al.*’ previously studied the photolysis of
extracellular ARGs tetA and blargy., on the pBR322 plasmid
(4361 bp), with exposure to 290—400 nm light in PBS. To
compare our results, we used the decay rate constants
quantified using LA-qPCR and the length of the LA-qPCR
assay targets reported by Zhang et al. to calculate an average
kiorm,earg from their experiments conducted in PBS, which we
found to be (3.86 + 0.62) X 10~* h™! bp~'. We hypothesize
that kg carg from Zhang et al.”” is greater than our calculated
value due to potential differences in irradiance spectra or
experimental setup between studies. For example, the
irradiance spectrum from the light source used by Zhang et
al”” was not provided in the manuscript; therefore, the
proportion of light with shorter, more highly damaging UVB
wavelengths is unknown. Additionally, the light source used by
Zhang et al”’ was a merry-go-round photochemical reactor
that used quartz test tubes to hold the experimental solution.
Nguyen et al,*’ and references cited therein, previously
documented that the geometry of quartz test tubes affects
inactivation kinetics. Sunlight photolysis rates have been found
to be greater when measured in quartz tubes than those
measured in open beakers due to the fact that light can enter
quartz tubes from all sides and be reflected internally off the
walls of the tubes.*

Qiao et al.** conducted a literature review of decay rates of
naked double-stranded DNA (dsDNA) with exposure to
UV,s,, which included data previously published by Chang et
al*® and Yoon et al.*' Recent studies have provided additional
data on the UV,s, decay kinetics of extracellular ARGs.****’
Using reported decay rate constants (quantified using qPCR
amplicons that cover at least 70% of the total ARG length) and
the reported lengths of the qPCR amplicons utilized, we
calculated the average UV,s, decay rate constants per bp of
DNA, presented with the standard deviation, from several
studies: (3.19 + 1.08) X 107> cm®* mJ ™' bp™*, (7.43 + 1.56) X
107 ecm® mJ™! bp~!, (1.04 + 0.20) X 107* cm®* mJ™" bp~},
(8.81 +0.22) X 107> cm®* mJ ™ bp~!, and (1.00 + 0.06) x 10~*
cm® mJ~! bp_1 from Chang et al,,*® Yoon et al,*! Yoon et al.,*¢
He et al,” and Nihemaiti et al.,*’ respectively. Using the sum of
irradiance in the UVB region (i.e, 280—320 nm), we
converted our average extracellular ARG decay rate constant
to be in terms of fluence: (2.22 + 0.19) X 107® cm®* mJ ™ bp~".
As expected, due to the sensitivity of DNA to UV, irradiation
and the absence of UV,;, in simulated sunlight, the decay rate
constants determined by the cited studies were several orders
of magnitude greater than our observed decay rate constants
for extracellular ARGs with exposure to simulated sunlight.

Intracellular ARG Photolysis and ARB Inactivation.
Sunlight inactivation of the bacterium E. coli SMS-3-5 followed
first-order kinetics, with an inactivation rate of (7.93 + 1.00) X
107" h™' (R* = 0.55) (Figure 3a). Intracellular tetA and sul2
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Figure 3. Simulated sunlight photolysis of (a) the bacterium E. coli
SMS-3-5 and (b) intracellular ARGs in PBS. In panel (a), each marker
represents individual replicate measurements from four experiments
conducted on two separate days, and the solid line represents the
best-fit linear regression line for the ARB. In panel (b), each marker
represents individual replicate measurements from six experiments
conducted on three separate days, error bars represent the standard
deviation of triplicate QPCR reactions for that data point, and solid
lines represent the best-fit lines of the multitarget model (eq 4) for
each ARG long amplicon (LA) target. The dashed line represents the
best-fit linear regression line for the short amplicon (SA) target of
sul2. Please note that the scales of the x- and y-axes of panels (a) and

(b) differ.

decay rate constants in dark control samples quantified using
LA-gPCR were not significantly different from zero (P = 0.06
and 0.37 respectively, Figure S3). Due to the challenges with
the tetA short amplicon assay mentioned above, SA-qPCR was
conducted only on sul2, which resulted in kij,;srg of simulated
sunlight-exposed sul2 to be equal to (9.14 + 3.19) X 107> h™"
(R* = 0.37), which was found to be statistically different from
zero (P < 0.05).

Similar to the extracellular experiments, data from LA-qPCR
assays resulted in greater decay rate constants for intracellular
ARG photolysis than the SA-qPCR assays; the resulting
ki,bs‘iARG, calculated using the log-linear model (eq 3), were
(727 £ 0.32) X 107> h™ (R* = 0.93) and (5.30 + 0.20) X
107> h™" (R* = 0.94) for tetA and sul2, respectively (Figure S3).
These ki arg were significantly lower than that of the
bacterium, which is consistent with observations from studies
evaluating UV,s, decay of ARGs.”***" When normalized by
the length of the amplicon (eq S16), khomarg of intracellular
tetA and sul2 were not significantly different from each other
(P =0.58), and the average was (7.01 + 0.29) X 10> h™' bp~".
Given the insignificant loss of the SA-qPCR signal over time
during experiments, we believe that the decay in LA-qPCR
signal was not the result of plasmid loss by the bacteria during
experiments. Additionally, the use of DNA extraction method-
ology that involves pelleting bacteria before extracting DNA
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from the pellet (which would exclude extracellular DNA in the
supernatant) allows us to attribute measured ARG decay to
intracellular photolysis.

A lag in photolysis was observed in LA-qPCR intracellular
ARG decay curves (Figure 3b), indicating that minimal
photolysis was observed in the first ~16 h of the experiments.
Therefore, a multitarget kinetic model (eq 4) was also used to
estimate the first-order photolysis rate constants of intracellular
ARG (Kipseargm), presented with the standard error of the
linear region (postshoulder) of the model; Kby .argm Were
(8.58 + 0.39) X 102 h™! (m = 2.97, R> = 0.94) and (6.96 +
0.21) x 1072 h™! (m = 3.66, R* = 0.97) for tetA and sul2,
respectively (Figure 3b). Over the course of the 72.5 h
experiment, there were approximately 2.1 log and 1.5 log decay
of intracellular tetA and sul2, respectively. The use of the
multitarget model improved the fit for intracellular ARG
photolysis data, in comparison to the log-linear model.

Given that a lag phase before ARG decay was observed for
intracellular ARG and not extracellular ARG, we hypothesize
that factors related to being within bacterial cells result in an
initial resistance of intracellular ARG to photolysis. One such
mechanism is the ability of bacteria to repair sunlight-damaged
DNA,** through direct reversal, nucleotide excision repair,
interstrand crosslink repair, translesion synthesis, or homolo-
gous recombination.*” Nihemaiti et al, for example, attributed
a lower than expected rate of UV,s, deactivation of the
ampicillin resistance gene amp® encoded in plasmid pUCI19
(quantified as a reduction of gene function as determined
through transformation assays) to DNA repair by transformed
cells.”” In the present work, after an initial lag period, log-linear
ARG decay was observed, potentially due to accumulated
DNA damage that outpaced rates of repair or inactivation of
bacteria cells that resulted in inactivation of DNA repair
mechanisms. Given that the lag in ARG decay lasted ~16 h
despite substantial E. coli inactivation observed in the first few
hours of the experiment (Figure 3a), an open question is
whether the bacterial enzymes involved in DNA repair
continued to function even after the bacteria were no longer
culturable.

Another difference in the photolysis kinetics between
intracellular and extracellular ARG was the observed
magnitudes of their decay rate constants. To compare the
rate constants, given that the intracellular and extracellular
ARG experimental solutions had different light absorbance
spectra, kipgiarg and Khpeearg were first normalized by the
average photon fluence transmitted through each solution
(calculated for wavelengths between 280 and 400 nm; eqs
S18—S22 in the SI); the resulting inactivation rates are
deSignated as koibs,iARG,photon and kébs,eARG,photon [mZ (mOI
photon)™']. To contextualize these rate constants, the
endogenous sunlight inactivation rate of the single-stranded
RNA bacteriophage MS2 was estimated using a previously
published model that depends on sunlight irradiance, a
wavelength-specific photon absorption rate, and the quantum
yield of MS2 inactivation (described in the SI; eq $23).*** A
summary of all experimental and predicted kébs,x’Photon values of
ARGs, ARB, and relevant microorganisms are presented in
Figure 4.

The photolysis rate constants of intracellular tetA and sul2
(kbbsiarG,photon) Were found to be greater than those of
extracellular ARG (k{psearcphoton) and the predicted value for
MS2. In a recent review, it was hypothesized that extracellular
ARG decay could be faster than intracellular decay, partially
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Ms2
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E. coli K12*

E. coli SMS-3-5
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Figure 4. Comparison of photolysis rates that were normalized by the
average photon fluence (280—400 nm) transmitted through the
solution (kf,bs’xlphmn). Error bars on observed values indicate standard
error. The 95% confidence intervals were not available for the
calculation of the predicted ki)bs'xlphmn for MS2. E. coli K12 data were
provided by Chiyenge and Silverman.*°

due to DNA repair mechanisms in bacterial cells.'® We
observed that this hypothesis was true in our sensitizer-free
matrices for only the first 16 h of the experiment, after which
the photolysis rates of intracellular tetA and sul2 were
significantly greater than that of the extracellular ARGs. We
hypothesize that this was due to a contribution of indirect
photolysis within cells, resulting from the formation of
intracellular PPRI by intracellular photosensitizers. In our
clear-water experimental system, in the absence of extracellular
photosensitizers, we assume that extracellular ARG decay was
due to direct photolysis alone and therefore slower. It is
possible that the relative magnitude of intracellular and
extracellular photolysis could be different in environmental
waters containing PPRI-producing photosensitizers.

When converted to be in terms of photon fluence, we found
that the observed solar inactivation rate constant of the
bacterium E. coli SMS-3-5 was very similar to that of
laboratory-cultured E. coli K12 [ATCC 10798; quantified by
Chiyenge and Silverman (manuscript to be submitted for
publication) under similar experimental conditions: in PBS at
pH 7 with exposure to full-spectrum sunlight from the same
solar simulator (Figure $4)].°° E. coli K12 is a commonly used
model organism with a different antibiotic-resistance profile
than E. coli SMS-3-5.>" Al-Jassim et al. previously found E. coli
PI-7—a wastewater-sourced, virulent, antibiotic-resistant
strain—to be more resistant to simulated sunlight than E.
coli DSM1103 (ATCC 25922), a strain that displayed lower
virulence and reduced antibiotic resistance.”> The increased
resistance to irradiation observed for E. coli PI-7 was
hypothesized to result from the upregulation of a collection
of genes that regulate oxidative stress response mechanisms
(such as efflux pumps and the production of reactive oxygen
species scavengers) and cellular repair mechanisms (such as
DNA repair and cell wall synthesis), which presents the
possibility of mechanisms of cross resistance to antibiotics and
photomediated damage.*” Conversely, in the present study, we
did not observe any difference in sensitivity to sunlight
between the two strains of laboratory-cultured E. coli with
different antibiotic-resistance profiles. Similarly, Giannakis et
al.>® studied the inactivation of ARB under solar and solar-
photo-Fenton treatment and did not observe any notable
difference in inactivation between antibiotic-resistant and
antibiotic-susceptible strains.
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Quantum Yield of Direct Photolysis. ¢ were calculated
to be 2.72 X 107° and 2.73 X 107¢ for the double-stranded,
long amplicon targets of tetA and sul2, respectively. The
average quantum yield per bp was calculated as (3.13 + 0.77)
x 107 bp~". It is difficult to directly compare these quantum
yields to those currently published in the literature due to
variation in quantification methods; experimental conditions,
such as the microorganism or DNA oligomers used for
experimentation; temperature, ionic strength, and pH of the
experimental solution; and the presence of UV,;, wave-
lengths.*>*>>*

As described in the Methods section, there is a wavelength
specificity to ¢ that was not possible to quantify with our
experimental design, given that the solar simulator emits light
over a range of wavelengths. Therefore, we chose to pair ¢
with a photoaction spectrum instead of an extinction
coefficient spectrum in our direct photolysis model (eq S) to
account for differences in sensitivity at different wavelengths.
The decision to take this approach was supported by data from
Cadet and Douki,”” who reported the yields of CPD formation
with an exposure to light from different regions of the light
spectrum. Based on the data from Cadet and Douki, the
relative yields of CPD formation for UVA (310 nm)/UVB
(290 nm)/UVC (254 nm) light are 1:(1.7 X 10*):(1.5 X
10%).”® The relative values of the photoaction spectrum derived
from Setlow’® and used herein are 1:(2.2 X 10*):(1.6 x 10°)
for UVA (average over 320—350 nm)/UVB (average over
280—320 nm)/UVC (254 nm) light, which are similar to the
values from Cadet and Douki. We acknowledge that CPDs are
not the only products of direct photolysis, but feel that the
approximate comparison is valid because CPDs tend to be
produced at rates greater than the other photoproducts.”

Given that we did not evaluate photolysis with exposure to
UVC light, ¢ of direct photolysis of ARGs calculated in this
study are for sunlight photolysis and may not be valid at
shorter wavelengths. For example, we used the first-order
decay rate constant of the tefA gene reported by Chang et al.
under UV,, exposure using LA-qPCR to calculate ¢’ at 254
nm using our model [k, = (58 £ 6) X 107° cm® mJ™'; UV,q,
irradiance = (0.18 + 0.01) mW cm™2].*® In our calculations,
we assumed that all of the measured irradiance was at 254 nm,
no light attenuation occurred, and the target-specific extinction
coefficient (€345) values were the same as the fetA gene in our
study. Equation 5 was amended so that the variables &, ,,;mpNa
and (p}) were specific to 4 = 254 nm. The resulting ¢' at 254
nm was 5.99 X 1077 bp~!, which is greater than the sunlight ¢'
determined herein.

Environmental Implications. LA-qPCR was more
sensitive to detecting DNA photolysis than SA-qPCR. Across
all ARG studied, k,,, measured using LA-qPCR assays were
significantly greater from those measured using SA-gPCR
assays, with the latter indicating less than 0.06 log decay of
eARGs over the course of 70 h. Many environmental
monitoring studies have utilized qPCR assays with relatively
short amplicon targets (e.g., less than 200 bp) to quantify ARG
in environmental matrices.>° > Given our findings, we suspect
that these studies may overestimate the amount of undamaged
ARG in sunlight-exposed environments and recommend that
longer amplicon qPCR targets be used in future monitoring
efforts to more accurately represent undamaged ARG
concentrations. However, method development and optimiza-
tion may be needed to overcome challenges in conducting LA-
qPCR on samples from complex environmental matrices.

In this study, we defined ARG decay as a loss of qPCR signal
and present an experimentally derived quantum yield of direct
photolysis of ARGs that can be used to model the first-order
decay rate constant of ARGs in sunlit systems. However, it is
important to note that this does not necessarily represent the
rate at which a loss of gene function occurs. As discussed
above, additional methodological development is needed to
assess the deactivation of ARGs located on large plasmids.

Sunlight photolysis of E. coli SMS-3-5 was significantly faster
than that of both intracellular and extracellular tetA and sul2
(Figure 4). Our results indicate that intracellular and
extracellular ARGs may be much more persistent in the
water environment than ARB and other health-relevant
bacteria and viruses. However, as discussed previously, this
work was conducted in sensitizer-free water matrices, without
the contribution of extracellular indirect photolysis mecha-
nisms that may increase ARG decay rates. Future research will
evaluate sunlight photolysis of ARGs and ARB in more
complex environmental matrices that may result in increased
decay rates due to indirect photolysis and sunlight-
independent inactivation processes.29 Nonetheless, this work
lays the important foundational groundwork in the develop-
ment of models to describe the persistence of ARGs in sunlit,
environmental waters.
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