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Abstract 

Aims: Nucleic acids, particularly antibiotic resistance genes, are commonly found on surfaces within healthcare environments, with levels not 
reducing f ollo wing cleaning . W ithin the UK, there are no regulations for testing disinfect ants against nucleic acids. 
Methods and results: A series of commonplace in vitro methods were used to determine disinfectant-induced ph y sical and functional damage to 
various nucleic acids; RNA (10 μg), genomic DNA (2 μg), and plasmids (1 μg). Using these methods, the optimal residence time (10 minutes) and 
working concentration (10%) were determined for a new disinfectant. Furthermore, comparison of disinfectants with different active ingredients 
including lactic acid (LA), sodium h y dro xide (NaOH), chloro xylenol (PCMX), and quaternary ammonium compounds (QACs), w ere compared to 
controls. All disinfectants sho w ed greater degradation b y gel electrophoresis of genomic DNA and RNA than of purified plasmids. Functional 
analysis using quantitative polymerase chain reaction (qPCR) and polymerase chain reaction (PCR) demonstrated that no disinfectant tested 
(apart from control) could damage DNA to the le v el where PCR amplification was not possible, and only the NaOH reagent could achie v e this 
for RNA. 
Conclusions: The set of methods described herein provides a platform for future standardization and potential regulation regarding monitoring 
cleaning solutions for their activity against nucleic acids. 

Impact Statement 

By analyzing the effect of the product across se v eral parameters, manuf acturers can produce clear claims to offer users a better o v ervie w f or 
how products compare. 
Ke yw or ds: disinfection, degradation, antimicrobial resistance, genes, nucleic acid 
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Introduction 

Disinfectants, biocidal chemicals that are used to control con- 
tamination by micro-organisms, are used as cleaning prod- 
ucts in a wide range of environments from offices to oper- 
ating theatres. Currently, within the UK and EU, there are 
comprehensive regulations regarding the process of bringing a 
disinfectant to market. This involves strict testing for antimi- 
crobial activity, following the European Committee for Nor- 
malization (CEN) technical committee 216 work programme 
with standardized methods to validate the disinfectants effi- 
cacy (Chemical disinfectants and antiseptics-Application of 
European Standards for chemical disinfectants and antisep- 
tics, 2023 ). To date, however, there are no regulations or 
guidance available for the testing of disinfectants against nu- 
cleic acids. Many current cleaning methods are not suffi- 
cient to clear nucleic acids from contaminated surfaces. In 

2015, one study showed that although cleaned surfaces within 

a hospital environment were less likely to have cultivable 
target bacterial species than pre-cleaned surfaces, and yet 
they still contained similar levels of bacterial DNA (Lesho 

et al. 2015 ). Furthermore, the level of DNA that can be iso- 
lated from inanimate surfaces can be reasonably high with 
Received 16 June 2023; revised 6 October 2023; accepted 25 October 2023 
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.82 ng μL 

−1 recovered from steering wheels (Comte et al.
019 ). 
The persistence of nucleic acids on surfaces is impor- 

ant due to the threat of antibiotic resistance genes (ARGs),
athogenicity islands, toxin-encoding genes, or viral genomes.
he resistance mechanisms to antibiotics are encoded within 

RGs, which facilitate the various mechanisms required for 
acterial survival in the presence of antibiotics. Following ly-
is of the infectious agents these oligonucleotides can be dis-
ributed intact or within membrane vesicles within the vicinity 
f the lysed cells (Muschiol et al. 2015 , Turnbull et al. 2016 ).
acteria can take up exogeneous DNA by three main meth-
ds: conjugation, transduction, and transformation (Soucy et 
l. 2015 ). The latter of these methods involves the uptake of
NA in a sequence non-specific manner and has been ob-

erved in both bacteria and archaea (Fuchsman et al. 2017 ). It
an result in bacteria acquiring genes encoding toxins, genes 
nvolved in antibiotic resistance, or even whole pathogenic- 
ty islands (Sun 2018 ). Some naturally competent bacteria in-
luding Bacillus subtilis and Acinetobacter will take up exoge- 
ous DNA from any source with the same efficiencies, whereas
ther bacterial species such as Haemophilus influenzae prefer- 
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ntially take up DNA from their own or related species (Kelly
t al. 2009 ). 

Infectious nucleic acids have been reported throughout lit-
rature, in particular relating to that of viral origin (Gerber
962 , Watts et al. 1983 , Graham 1984 ). Viral nucleic acids
ave been found to be infectious in tissue and animal mod-
ls and yet do not hold antigenic properties (Herriott 1961 ).
urthermore, the World Health Organisation (WHO) recom-
ends ‘acceptable limits of residual DNA’ with regards to the
otential of residual DNA encoding infectious agents (Yang
013 ). In part this is linked to the persistence of HIV-1 DNA
n patients on antiretroviral therapy, after the viral load has
ecome undetectable, with residual DNA deemed a potential
eservoir and therefore marker for the disease (Williams et al.
014 ). 
Apart from reagents to prevent polymerase chain reaction

PCR) contamination within laboratories, there has been a
aucity of research focussed on the ability of disinfectants
o denature or destabilize oligonucleotides on surfaces. Cur-
ent literature investigating nucleic acid degradation by these
gents has largely drawn on their impact on downstream ex-
eriments such as PCR or quantitative PCR (Esser et al. 2006 ,
ischer et al. 2016 , Stoufer et al. 2023 , Zhang et al. 2023 ).
ests for the activity of reagents against nucleic acids can
e in solution or surface tests, with the latter being more
pplicable for the method of use for most commonplace
isinfectants. 
Here we investigate the use of a standard set of tests, com-

osed of in vitro analysis methods (gel electrophoresis, PCR,
PCR, and chemical transformation) to best elucidate nu-
leic acid-degrading properties of a disinfectant. We demon-
trate this by determining the optimal parameters for an ex-
mplar disinfectant and by showing how these methods can be
sed to compare the ability of disinfectants to degrade nucleic
cids. 

aterials and methods 

hroughout this study, all the methods were tested against the
ollowing: a product designed to remove DNA contamination
or PCR analysis in laboratories [active ingredient: sodium hy-
roxide (NaOH)]; a disinfectant claiming to degrade nucleic
cids [active ingredient: quaternary ammonium compounds
QACs)]; and a commonly used household disinfectant [active
ngredient: chloroxylenol (PCMX)]. Products were compared
o known controls of nuclease-free water as a negative control
nd 10% sodium hypochlorite (NaOCl), previously shown to
trongly degrade nucleic acids (Prince and Andrus 1992 , Fis-
her et al. 2016 ), as a positive control. 

ucleic acid purification 

acterial genomic DNA (gDNA) was extracted from Es-
 heric hia coli DH5 α, grown in Luria- Bertani (LB) broth at
7 

◦C, using GenElute™ bacterial gDNA kit (Sigma −Aldrich
o. LLC, UK) as per the manufacturer’s instructions. The plas-
id pUC19 was transformed into competent E. coli DH5 α,

olony selected and grown overnight in LB broth at 37 

◦C, be-
ore plasmid extraction and purification using a GenElute™
lasmid Maxiprep kit (Sigma–Aldrich Co. LLC, UK) as per the
anufacturer’s instructions. Total RNA was extracted from
acterial cells ( E. coli DH5 α) and mammalian cells (lym-
hoblast TK6) using a Cytiva RNAspin Mini isolation kit
Fisher Scientific, UK) as per manufacturer’s instructions. All
urified nucleic acids were quantified using absorbance at
60 nm readings, as measured using a NanoDrop ND-1000
pectrophotometer (Labtech). 

urface tests 

nless stated otherwise for DNA stability tests, 1 μg
from ≤ 10 μL in volume) of the purified plasmid pUC19 or
DNA was added to microcentrifuge tubes and left to dry at
oom temperature in a laminar flow hood overnight, with all
onditions tested in triplicate. Alternatively, 10 μg (from ≤ 20
L in volume) of purified total RNA (either bacterial or mam-
alian) was added to microcentrifuge tubes and left to dry

n a laminar flow hood overnight. When the samples were
esuspended in disinfectant care was taken to ensure all nu-
leic acids were exposed to the disinfectant by careful pipet-
ing around the base of the tube. 

For purified plasmid: to each tube 10 μL of either disin-
ectant or control was added and following a suitable incu-
ation period reactions were diluted with 50 μL of nuclease
ree water to prevent significant further degradation. Reac-
ions were not quenched with a chemical reagent to prevent
otential side effects of these chemicals or their interactions
ith those in disinfectants on the nucleic acid stability. Disin-

ectants were tested as per manufacturer’s instructions where
pplicable. Samples were all analysed immediately or imme-
iately frozen at –20 

◦C awaiting analysis. When comparing
isinfectants/reagents all samples were tested against the same
atch of nucleic acids using the exact same method for analy-
is. 

For gDNA or total RNA, to each tube 5 μL of either dis-
nfectant or control was added and then reactions stopped by
ilution following the addition of 25 μL of nuclease free water.
isinfectants were applied as per manufacturer’s instructions

regarding residence time and working concentration) where
pplicable. 

For time course assays reactions were stopped by dilution
ith nuclease free water after 0, 5, 10, 15, 30, 45, and 60 min-
tes. All experiments were completed within a laminar flow
ood using filter tips to eliminate any risk of contamination. 

ucleic acid gel electrophoresis 

 total volume of 1 μL gel loading buffer (Sigma Aldrich
o. LLC, UK) was added to 4 μL of sample for DNA anal-
sis by gel electrophoresis. DNA samples were run at 120 V
or 45 minutes. For RNA analysis, 6 μL of sample was
dded to 12 μL of RNA denaturing loading buffer without
thidium bromide (Sigma–Aldrich Co. LLC, UK) before heat-
ng at 70 

◦C for 10 minutes. Samples were then kept on ice
or at least 1 minute. RNA samples were run at 40 V for
0 minutes. 
All samples were analysed using a 1% agarose gel, con-

aining 1 × GelRed in 1 × TAE buffer, except where in-
icated, when instead DNA was analysed using a premade
% agarose gel (Sigma–Aldrich Co. LLC, UK) and stained
n a GelRed solution (1%). Images of gels were taken using
 G: Box gel doc system (Syngene) using Genesys software
nd band intensity determined using ImageJ (Schneider et al.
012 ). 
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Table 1. Summary for the comparison of reagents and disinfectants on nucleic acid degradation. 

NaOH reagent PCMX disinfectant LA disinfectant QAC disinfectant NaOCl 

Impact on transfer of ARGs 
Plasmid degradation 
- DNA Gel electrophoresis + ++ + +++ ++++ 

- PCR ++ ++++ 

Mobility of genetic material 
- Chemical transformation +++ ++++ 

gDNA degradation ++ ++ +++ ++++ ++++ 

Removal of potentially infectious material 
RNA degradation 
- RNA gel electrophoresis ++++ +++ ++++ ++++ ++++ 

- qPCR ++++ ++++ 

+ (10% reduction), ++ (11%–25% reduction), +++ (26%–50% reduction), and ++++ ( > 50% reduction). 
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Chemical transformation 

Samples of purified pUC19 treated with each disinfectant and 

controls were used to set up a chemical transformation into 

competent E. coli DH5 α cells (Invitrogen, ThermoFisher Sci- 
entific). To competent cells (50 μL), treated DNA sample 
(1 μL) was added and the mixture incubated on ice for 30 

minutes, prior to heat shock at 42 

◦C for 30 seconds, and re- 
covery on ice for 2 minutes. Cells were recovered in 250 μL 

super optimal broth with catabolite repression (SOC) media 
(Sigma–Aldrich Co. LLC, UK) for 1 hour at 37 

◦C before di- 
luting 1 in 10 into sterile media and plating 50 μL onto pre- 
warmed LB broth with ampicillin (286 μM) plates. Colonies 
were counted following incubation at 37 

◦C overnight. Data 
were analysed using a one-way ANOVA with significant dif- 
ferences determined when P < 0.05. 

PCR analysis 

DNA samples (1 μL), post treatment, were analysed by PCR 

using primers for the ampicillin resistance gene in pUC19 

(forward primer: 5 

′ -CCGGGAGCTGC ATGTGTC AGAGG- 
3 

′ and reverse primer: 5 

′ -A T AA T A CCGCGCCA CA T AGC-3 

′ ).
The predicted PCR product is 489 bp in length. PCR prod- 
ucts were purified using a GenElute PCR clean up kit (Sigma–
Aldrich Co. LLC, UK) as per the manufacturer’s instructions.
Purified PCR products were quantified using absorbance at 
260 nm. 

qPCR analysis 

RNA samples (1 μL), post treatment, were analysed by quan- 
titative PCR using the ’one-step’ SYBR Green quantitative 
RT-PCR kit (Sigma–Aldrich Co. LLC, UK) as per manufac- 
turer’s instructions. In brief, M-MLV RT was used to tran- 
scribe the RNA into cDNA which was then used as a tem- 
plate for the PCR step using SYBER Green Taq. The fol- 
lowing primers were used to detect the ybbw gene, part 
of the core set of genes in E. coli (forward primer: 5 

′ - 
TGA TTGGCAAAA TCTGGCCG-3 

′ and reverse primer: 5 

′ - 
GAAA TCGCCCAAA TCGCCA T-3 

′ . The method followed is 
detailed by (Walker et al. 2017 ). 

Sequencing 

PCR products (489 bp) were purified for analysis by sanger 
sequencing to check for alterations within the sequence due 
to DNA damage by the products on the plasmid sequence. 

Purified PCR products were sent for sequencing at 5 ng 
μL 

−1 with the forward primer detailed in PCR analysis.
anger sequencing was outsourced to Eurofins Genomics and 

nalysed using SnapGene software. 

esults 

isinfectants and laboratory products were compared for 
ucleic acid degradation as determined by physical damage 
nd functional damage to either DNA (both mobile genetic 
lement and genomic) or RNA (both bacterial and mam- 
alian). The efficacy of disinfectants and laboratory products 

cross all methods are summarized in a simplified format in
able 1 . 

hysical Damage to Treated DNA 

urified plasmid (pUC19) was used as a suitable DNA sub-
trate for testing DNA degradation by the disinfectants. Gel
lectrophoresis allows for the visualization of the purified 

lasmid pUC19 (2.7 kb) following treatment with the disin- 
ectants and can allow for quantification using band integra- 
ions. Gel electrophoresis analysis showed that purified plas- 
id pUC19 (at 1 μg) demonstrated two bands even when

reated with water (negative control). This is likely due to su-
ercoiled versus linear plasmid, with a low level of the plasmid
otentially nicked during the experimental procedure itself,
ig. 1 . Using gel electrophoresis, the optimal residence time
nd concentration of a lactic acid (LA) disinfectant could be
etermined with regards to DNA alteration. 
The residence times tested were between 5 and 60 minutes

nd concentrations between 2% and 10% (as recommended 

y the manufacturer). DNA gel electrophoresis showed no sig-
ificant difference in pUC19 degradation, as determined by 
and position and intensity, following 10 minutes, Fig. 1 b and
able S1 . Further analysis from 2 to 10 minutes, showed a
ild increase in the proportion of linear plasmid up to 10
inutes ( Fig. S1, Table S2 ) 
The LA disinfectant did not generate the expected smearing 

f DNA within gel electrophoresis corresponding to classical 
egradation of nucleic acids, but instead demonstrated a sin- 
ular band with a shifted position dependent on concentration 

f the LA disinfectant, Fig. 1 a. One explanation for this obser-
ation is that the DNA is dehydrating due to the polar nature
f LA, with dehydrated DNA previously shown to alter DNA
upercoiling (Lee et al. 1981 ), so resulting in the DNA run-
ing further within the gel. Dehydrated DNA can lead to the
enaturation of DNA (Ghoshdastidar and Senapati 2018 ) and 

ncreased dehydration can also make DNA more sensitive to 

amage by high temperature of UV radiation d(Paunescu et al.

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
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Figure 1. Gel electrophoresis of purified DNA (pUC19) f ollo wing treatment with disinfectant or equivocal reagent. (a) Effect of different working 
concentrations of the LA disinfectant on DNA. (b) Time course of the LA disinfectant at 10% effect on DNA. (c) Comparison of disinfectants and 
equivocal reagents effect on DNA following treatment as per manufacturer’s instructions. 
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013 ). We suggest that the lower the band could correlate to
reater inactivation of the DNA. The corresponding band also
emonstrates a reduction in intensity as the concentration of
he LA disinfectant is increased, Table S1 . We have therefore
oncluded that 10% is the optimal working concentration for
he LA disinfectant with respect to DNA degradation. This
ethod can also be used to determine efficacy of other dis-

nfectants and here the LA disinfectant is compared to other
imilar products as per manufacturer’s instructions. 

Treatment with the QAC disinfectant gave similar results
o the positive control (10% NaOCl), Fig. 1 c. The NaOH
eagent demonstrated no meaningful degradation of pUC19
ompared to the negative control ( < 10% reduction in inten-
ity of either observed band), Fig. 1 c. Both bands were ob-
erved following treatment with the PCMX disinfectant too;
owever, both bands show an appreciable reduction in band
ntensity (17% top band and 47% bottom band). For the LA
isinfectant the top band (corresponding to nicked pUC19)
howed a 65% reduction in intensity compared to control
nd is comparable to treatment with QAC disinfectant and
he positive control. 

enomic DNA 

DNA can be released following bacterial lysis, a natural con-
equence following treatment with a disinfectant, and this ex-
genous DNA can then be taken up by bacteria. For this rea-
on, the efficacy of disinfectants against gDNA is important
nformation. 

Interestingly, the results for bacterial total gDNA were dif-
erent to those for the purified pUC19 plasmid with all con-
entrations of the LA disinfectant tested (4%, 8%, and 10%)
howing complete degradation of up to 2 μg of bacterial
DNA (Fig. 2 a). At higher concentrations of 5 or 10 μg of
otal gDNA minimal degradation was observed compared to
he water control, with a 24% and 8% reduction in band in-
ensity, respectively ( Fig. S2 ). Higher concentrations of gDNA
ould be utilized for experiments if a stronger signal was re-
uired for the control. The LA disinfectant (10%) was also
hown to degrade Gram-positive DNA ( Fig. S3 ). 

The QAC disinfectant and NaOCl degraded the gDNA
at 2 μg) to undetectable levels, whereas the LA disinfectant
howed strong degradation with a 44% reduction in band in-
ensity (Fig. 2 b). Both the NaOH reagent and PCMX disinfec-
ant showed no reduction in band intensity compared to the
egative control following treatment (Fig. 2 b). 

unctional analysis of treated DNA 

esting the functionality of the DNA following treatment
ith disinfectants offers insights into their impact on reduc-

ng the potential spread of functional ARGs. PCR analysis
nd sequencing for the ampicillin resistance gene were used
o show that the purified plasmid, pUC19, retained sequence
ntegrity following treatment with disinfectants. A 60-minute
ime course (Fig. 3 a), demonstrated a reduction in band inten-
ity for the PCR product across all time points when compared
o the negative control. 

When comparing disinfectants, all products tested retained
NA of sufficient quality following treatment for detectable

evels of PCR amplification of the gene of interest, and this was
bserved consistently across replicates (data not shown). The
ositive control, NaOCl, showed a marked reduction in band

ntensity (96% reduction). There was no reduction in band
ntensity observed for all other reagents apart from the LA
isinfectant which demonstrated a 25% reduction (Fig. 3 b,
able S1 ). 
PCR products (489 bp) were purified for analysis by sanger

equencing to check for alterations within the sequence due
o DNA damage caused by the products on the plasmid se-

art/lxad244_f1.eps
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
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Figure 2. Gel electrophoresis of gDNA ( E. coli DH5 α) f ollo wing treatment with disinfectant or equivocal reagent. A. Different concentrations of the LA 

disinfect ant bet ween 2% and 10%. B. Comparison of disinfect ants and equiv ocal reagents on gDNA f ollo wing treatment as per manuf acturer’s 
instructions. 

Figure 3. PCR analysis for the ampicillin resistance gene within pUC19 (489 bp product). (a) Time course from 0 to 60 minutes for 10% of the LA 

disinfectant. (b) Comparison of PCR products using DNA treated with disinfectants and equivocal reagents. 
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quence. Sequencing data shows that for all the compounds 
tested no deviations from the known sequence were observed 

within the DNA template ( Fig. S4 ). Sequencing data were all 
determined to be of good quality. We suggest that this method 

is useful in demonstrating that products are not causing mu- 
tation inducing damage to the DNA following treatment. 

Within molecular biology chemical transformations are fre- 
quently used to ensure uptake of plasmids into various E.
coli strains, with antibiotic selection of successful transfor- 
mants. Here we describe the use of chemical transformations 
to investigate the functionality of the plasmids, as a whole,
following treatment with products. The results were disin- 
fectant specific, with the LA disinfectant the only product,
other than the positive control, showing reduced successful 
transformants (Fig. 4 b). All other products showed no ob- 
servable effect on the efficiency of chemical transformation,
Fig. 4 c. 

Treatment of the DNA (pUC19) with increasing concentra- 
tions of the LA disinfectant (4%, 8%, and 10%) correlated 

with the corresponding decrease in the number of successful 
transformants (Fig. 4 a and b). A significant difference is ob- 
served for treatment with either 8 or 10%, with calculated P- 
values of 0.0037 and 0.0008, respectively. This effect is further 
exaggerated following 60-minute incubation of the LA disin- 
fectant with the DNA, with all concentrations demonstrating 
a significant decrease in transformation efficiency, P -values of 
0.0008, 0.0001, and < 0.0001 for 4%, 8%, and 10%, respec- 
tively ( Fig. S5 ). One explanation for this observation is the 
ow pH for the disinfectant, however, it is more complex than
his as no observable reduction in the measured pH was ob-
erved across dilutions of the LA disinfectant. Furthermore,
nother disinfectant tested with the same active ingredient 
howed no observable impact on transformation at any con- 
entration (data not shown). Treatment of the DNA with the
ontrol NaOCl (10%) completely removes the uptake of func- 
ional pUC19 by competent E. coli DH5 α. To test whether the
bservation related directly to the DNA damage, or instead 

he effect of the diluted disinfectant on the process, transfor-
ations were completed with the sequential addition of DNA

nd diluted disinfectants. Using this method comparison of 
he negative control (water) to the positive control (NaOCl) 
emonstrated no significant difference to the number of trans- 
ormants ( Fig. S6 ), so suggesting that the observed effect is due
o DNA damage alone. Conversely, we still observed a reduc-
ion compared to the water control ( P -value 0.0028) for suc-
essful transformants in the presence of the diluted LA disin-
ectant. This disinfectant is therefore likely having an impact 
n the transformation efficiency in addition to any damage 
o the DNA. 

hysical and functional damage to RNA 

any prevalent viral diseases within humans are caused by 
NA viruses, where their genetic information is encoded by 
NA instead of DNA, examples including noroviruses (Guix 

t al. 2007) ) and HIV (Berkhout and Hemert 1994 )). Infec-

art/lxad244_f2.eps
art/lxad244_f3.eps
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
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Figure 4. Analysis of the impact on the uptake of DNA (pUC19) by 
chemical transformation following treatment with disinfectants and 
equivocal reagents. (a) Plates showing successful transformants for DNA 

treated with increasing concentrations of the LA disinfectant. (b) 
Corresponding colony counts for transformations of DNA treated with 
increasing concentrations of the LA disinfectant. (c) Comparison colony 
counts for DNA following treatment as per manufacturer’s instructions 
with disinfectants and equivocal reagents. 

t  

l  

a  

p  

m  

o  

<  

s  

t  

t
 

g  

o  

b  

8
 

d  

l  

S  

t  

t  

R  

a  

t  

o
 

w  

Table 2. Absorbance peaks within the 20 0–30 0 nm range for ‘active ingre- 
dients’ within disinfectants. 

Active ingredient Absorbance maxima (nm) 

Sodium hypochlorite 292 (Nakagawara et al., 1998 ) 
LA 210 (Zhou, Bi and Row, 2011 ) 
NaOH 201 (Tong et al., 2020 ) 
Glutaraldehyde 280 (monomer) (Abay et al., 2019 ) 

235 (polymer) (Abay et al., 2019 ) 
Citric acid 209 (Krukowski et al., 2017 ) 
PCMX 210 (Gudipati and Stavchansky, 1995 ) 
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ious viral RNA genomes are not available within category 1
aboratories, here we have therefore tested mammalian RNA
s a proxy for the mammalian RNA viral genomes. Total RNA
urified from either bacterial cells ( E. coli DH5 α) or mam-
alian cells (lymphoblast TK6 cells), were tested at a range
f concentrations (1–10 μg). Concentrations of total RNA
 10 μg were not consistently detectable by gel electrophore-

is, even for controls. Therefore, 10 μg RNA was treated with
he products and analysed for signs of degradation by gel elec-
rophoresis. 

Optimization trials of the LA disinfectant showed it had a
reater effect on RNA degradation at a working concentration
f 10% compared to 8% (Fig. 5 a and b). This was true for
oth bacterial RNA and mammalian RNA, with an 77% and
8% reduction in band intensity observed, respectively. 
Comparison of different products against bacterial RNA

emonstrated complete degradation of RNA to undetectable
evels by both NaOCl (10%) and the NaOH reagent (Fig. 5 c).
trong smearing can be observed for both the LA disinfec-
ant and the QAC disinfectant, suggesting marked degrada-
ion of the RNA. The PCMX disinfectant demonstrates some
NA degradation, marked by reduced band intensity (19%
nd 32% for 16S and 23S rRNA, respectively), compared to
he negative control (water) but this is the least marked effect
f all the products tested ( Table S1 ). 
Quantitative PCR analysis was used to demonstrate

hether the mRNA was functional following treatment, by
stablishing whether it can still be used as a template for
mplification (Fig. 6 ). No significant difference was observed
or QAC disinfectant, PCMX disinfectant and LA disinfec-
ant compared to the negative control of water. Conversely,
aOCl (10%) and the NaOH reagent treated RNA generated
o CT value at all, suggesting that the majority of the mRNA
s degraded following treatment, which is supported by the gel
lectrophoresis observations. 

iscussion 

ere, we describe the use of common molecular biology tech-
iques using standard reagents available in most research
aboratories for testing disinfectants against relevant nucleic
cids (plasmids, gDNA, and RNA). It is important to note that
bsorbance at 260 nm, commonly used to quantify nucleic
cid concentrations is not applicable in this context with many
isinfectants demonstrating absorbance maxima between 200
nd 300 nm (Table 2 ). These methods can be used, as shown
n this study, to suggest optimal residence times and working
oncentrations for the degradation of nucleic acids. There are
nherent difficulties in quenching reactions when determining
he impact of a disinfectant on nucleic acid integrity over time.
hese include the fact that the addition of chemicals has the
otential to interact with the disinfectant and cause side prod-
cts capable of worsening the observed degradation, dilution
ay not be sufficient to prevent all further degradation partic-
larly for disinfectants with strong activity and introducing a
reezing step could introduce DNA shearing from the freeze-
haw process. Here we have suggested the use of water to di-
ute the reaction, as when tested we observed a reduction in the
ate of degradation for the LA disinfectant following dilution
 Fig. S1 ). This may not be the case for all disinfectants tested
nd therefore we suggest coupling this step with flash freezing
amples if further degradation is observed post dilution. It is
mportant to note that the optimal residence times for antimi-
robial activity of the disinfectant may differ from the optimal
esidence time for nucleic acid degradation, if both are stated
ithin the packaging for the disinfectant it allows for alter-
ative application dependent on the environment for use. Al-
ernatively, companies could adapt experiments to determine
hether any nucleic acid degradation is observed within the
ntimicrobial residence time. 

The degradation of nucleic acids within a healthcare en-
ironment is of key importance to reduce multi-drug resis-
ant infections, particularly within the healthcare setting. Yet,
toufer et al. demonstrate the limitations of common disinfec-
ants to degrade a variety of nucleic acids (ssRNA, eukaryotic
NA, and PCR products) by monitoring downstream quan-

itative PCR (Stoufer et al. 2023 ). The ability of UV light to

art/lxad244_f4.eps
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad244#supplementary-data


Disinfectant nucleic acid degradation 7 

Figure 5. Gel electrophoresis of RNA ( E. coli DH5 α or TK6 lymphoblast cells) f ollo wing treatment with disinfectant or equivocal reagent. (a) Comparison 
of the LA disinfectant concentrations and controls for degradation of mammalian RNA. (b) Comparison of LA disinfectant concentrations and controls for 
degradation of bacterial RNA. (c) Comparison of disinfectants and equivocal reagents on bacterial RNA following treatment as per manufacturer’s 
instructions. 

Figure 6. Comparison of the functionality of bacterial mRNA f ollo wing 
treatment with disinfectants and equivocal reagents as per 
manufact urer’s instr uctions using qPCR analy sis f or the E. coli ybbw 

gene. 
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damage the molecular bonds within DNA has been shown to 

reduce contamination by MR S A, VRE, and Clostridium diffi- 
cile on high-touch surfaces (Nerandzic et al. 2010 ). Yet, it is 
impractical to use UV light to decontaminate the vast num- 
ber of surfaces within healthcare settings. NaOCl, a common 

surface disinfectant, showed the most promising results here 
o  
egarding nucleic acid degradation. This observation is sup- 
orted by research published in 2019 suggesting free chlorine 
s an effective method for inactivating extracellular chromo- 
omal and plasmid-borne DNA (Zhang et al. 2019 ). In 2020,
owever, Jin et al. reported that chlorine disinfection promotes 
he exchange of ARGs by transformation due to various bac-
erial species demonstrating resistance to NaOCl (Jin et al.
020 ). Testing and reporting the activity of all disinfectants
gainst nucleic acids would allow appropriate selection of dis- 
nfectants for use within the healthcare system. With further 
esearch required into what impact this has on the reduction
n the contamination of these environments with multi-drug 
esistant bacterial species. The importance of cell-free DNA 

s a source of ARGs within wastewater treatment has been
reviously highlighted (Leiva et al. 2021 , Nguyen et al. 2021 ,
utinel et al. 2022 ), with a 0.12 log increase in cell-free ARGs
bserved following 25-day storage of disinfectant treated wa- 
er (Zhang et al. 2018 ). 

There is currently a dearth of literature investigating the 
mpact of disinfectants or cleaning reagents on nucleic acids,
lthough interest in this area seems to be increasing. One ex-
lanation for this is that it is non-trivial to find methods to
nalyse DNA degradation by a variety of different active com-
ounds with different modes of action. Most research focuses 
n DNA damage, but Zhang et al . has investigated the effec-
iveness of disinfectants (in isolation or combination) against 
 AR S-CoV -2 RNA. Interestingly , they note that detectable lev-
ls of the RNA were present even after 60 minutes exposure
ith a quarternary ammonium compound (QAC) disinfectant 

Zhang et al. 2023 ). This matches our findings that a QAC
ontaining disinfectant did not result in complete degradation 

f the RNA following 10-minute incubation, with only partial

art/lxad244_f5.eps
art/lxad244_f6.eps
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egradation observed via RNA gel electrophoresis and no im-
act on qPCR analysis, Figs. 5 c and 6 . Conversely, the NaOH
eagent demonstrated strong activity against RNA. This could
e due to the additional hydroxyl group at the C2 

′ posi-
ion of the ribose within RNA which can be deprotonated in
trongly alkaline conditions. Here we have demonstrated ac-
ivity against mammalian and bacterial RNA, however given
he structural variation observed across viral RNA genomes
Davis et al. 2008 ) further work investigating the impact of
isinfectants against purified viral RNA would offer further
nsights. 

Previous comparison of reagents for DNA degradation
ithin a laboratory setting to reduce PCR contamination,
emonstrated that the NaOH containing reagents showed
 dose and time-dependent reduction of amplifiable DNA,
s assessed by PCR (Fischer et al. 2016 ). In this study,
owever, we observed minimal impact ( < 1% reduction)
n the amount of amplifiable DNA following treatment
ith the NaOH-containing reagent (Fig. 3 b). This demon-

trates the importance of using several techniques to estab-
ish the efficacy of a reagent at nucleic acid degradation as
he same compound showed complete degradation of RNA
Fig. 5 c). 

Plasmids are autonomous DNA molecules capable of
elf-transmission between cells and are therefore important
ith regards to the emergence of antimicrobial resistance

Rozwandowicz et al. 2018 ). High copy number plasmids,
uch as pUC19, can reach high concentrations within their
acterial hosts and provides a method for monitoring the im-
act of disinfectants on plasmid uptake. None of the disin-
ectants/reagents tested were able to fully degrade the plas-
id pUC19. Many disinfectants contain chemicals, which are
angerous to health and therefore working concentrations are
ept low, it could be that the concentrations of these chemicals
equired to completely remove plasmid DNA are too high for
easonable use. By analysing the impact that the disinfectants
ave on plasmid uptake by bacteria, this could help illuminate
hich disinfectants are likely to reduce the spread of mobile

enetic elements and associated ARGs. In this study, the LA
isinfectant appeared to have an impact on the transforma-
ion process itself as well as impacting the DNA quality. Fur-
her investigation is needed to demonstrate the in vitro effects
re also observed in situ. 

Current literature within this field predominantly demon-
trates activity of the reagent tested against one type of nu-
leic acid or using one analysis method (Esser et al. 2006 ,
hamplot et al. 2010 , Fischer et al. 2016 , Stoufer et al. 2023 ,
hang et al. 2023 ). Reassuringly, we show that results are

requently comparable across different analysis methods for
ifferent products, with the positive control of bleach (10%
aOCl) routinely producing the clearest results. Within the
roduct range tested in this study, the QAC disinfectant and
A disinfectant were also reproducibly more active against
ucleic acids across all analysis methods. This can be linked
o the known precipitation of nucleic acids by QACs such as
equalinium acetate (Hugo and Frier 1969 ), and the depoly-
erization of nucleic acids by acid hydrolysis (WEBB 1958 ,
uang et al. 2012 , Lowenthal et al. 2019 ). PCMX is a chlori-
ated phenolic compound with widespread uses, particularly
s a disinfectant, with proven activity against several micro-
ial species (Arbogast et al. 2019 ). In this study the PCMX
isinfectant, a commonplace disinfectant within households,
howed the least degradation of all nucleic acids tested. 
By analysing the effect of the product across several param-
ters, manufacturers can produce clearer claims within their
arketing, which will better inform use and help reduce the

pread of infectious agents, mobile genetic elements and an-
imicrobial resistance genes. Here, we have focussed on easily
ccessible methods and materials for research laboratories to
est their products. Moving forward the standardization of the
ethodologies used and the subsequent transparency regard-

ng results will offer a pathway for the potential regulation of
leaning products activity against nucleic acids. 
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