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ABSTRACT: The persistence of RNA in environmental systems is an
important parameter for emerging applications, including ecological
surveys, wastewater-based epidemiology, and RNA interference bio-
pesticides. RNA persistence is controlled by its rate of biodegradation,
particularly by extracellular enzymes, although the specific factors
determining this rate have not been characterized. Due to prior work
suggesting that nucleic acids−specifically DNA−interact with dissolved
organic matter (DOM), we hypothesized that DOM may bind RNA and
impede its biodegradation in natural systems. We first adapted a
technique previously used to assess RNA-protein binding to differentiate
RNA that is bound at all sites by DOM from RNA that is unbound or
partially bound by DOM. Results from this technique suggested that
humic acids bound RNA more extensively than fulvic acids. At concentrations of 8−10 mgC/L, humic acids were also found to be
more effective than fulvic acids at suppressing enzymatic degradation of RNA. In surface water and soil extract containing DOM,
RNA degradation was suppressed by 39−46% relative to pH-adjusted controls. Due to the ability of DOM to both bind and suppress
the enzymatic degradation of RNA, RNA biodegradation may be slowed in environmental systems with high DOM concentrations,
which may increase its persistence.
KEYWORDS: single-stranded RNA, double-stranded RNA, dissolved organic matter, humic acid, fulvic acid, biological degradation,
RNase I

■ INTRODUCTION
Nucleic acids (NAs, i.e., DNA and RNA) play a crucial role in
supporting life and, as a result, are ubiquitous in the
environment. Both NAs have been used in emerging
technologies across environmental sciences. For example,
environmental DNA has been analyzed to conduct ecological
surveys1−3 and to monitor the spread of antibiotic resistance
genes.4 Additional applications have been developed using
RNA that leverage its unique attributes; in particular, its
decreased persistence relative to DNA is often considered. For
example, RNA is advantageous in ecological surveys because its
lowered persistence facilitates the identification of metabol-
ically active species at specific locations and times.5,6 RNA
abundances are also measured when monitoring RNA viruses
using wastewater-based epidemiology;7,8 relating the measured
RNA abundances to initial viral loads requires consideration of
RNA degradation rates.9 Double-stranded (ds)RNA is also
uniquely able to trigger a cellular process called RNA
interference (RNAi),10 which has been harnessed for pest
control in agriculture.11 The persistence of these dsRNA
pesticides in environmental systems influences both their
efficacy (particularly when applied exogenously12,13) as well as
their potential risk to nontarget organisms arising from
unintended exposure.14,15 Due to its centrality across these

applications, the persistence of RNA in environmental systems
must be better constrained by improved understanding of key
fate processes. While some of these processes likely parallel
processes that impact DNA fate (e.g., adsorption to
surfaces),16 others (e.g., abiotic degradation or biodegradation)
may diverge.3,14,17

One important process controlling both DNA and RNA
persistence is biodegradation, which can in principle be
mediated by both active microbes and extracellular enzymes
in environmental systems (e.g., soil). The specific role of active
microbes in DNA degradation has been supported by slower
DNA loss in sterilized environmental media.18−20 For example,
while up to 77% of added DNA mass was degraded over 2
months in native soil microcosms, no degradation was detected
when the soil was chemically sterilized.19 In contrast, RNA
degradation was unaffected,21,22 only partially reduced,21,23 or,
in one case, increased21 upon sterilization of environmental
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media spanning soils, wastewater, and surface water. RNA
degradation in sterilized media is unlikely to be attributable to
known abiotic pathways,24−26 which are typically too slow to
account for the observed rapid loss of RNA,25,26 Instead,
enzymes (i.e., RNases), which are incompletely inactivated by
sterilization,27,28 may continue to degrade RNA, indicating that
nuclease enzymes may play a greater role in limiting the
persistence of RNA than DNA in the environment.
While biodegradation is expected to drive NA loss, these

processes may be slowed in the presence of environmental
constituents such as minerals and organic matter (OM). The
adsorption of DNA to clay minerals and other particles is well-
established to protect DNA from biodegradation.29−36

Similarly, certain clays have been shown to slow biodegrada-
tion of RNA after its adsorption.37,38 Beyond adsorption to
mineral surfaces, some studies found that DNA adsorption to
OM-coated surfaces also impedes its enzymatic degrada-
tion.32,39,40 For example, when subjected to DNase-mediated
degradation, the remaining copy numbers of DNA adsorbed to
humic acid (HA)-coated nanoparticles were orders-of-
magnitude higher compared to free DNA.40 The protection
of NAs have been attributed to their reduced accessibility to
nucleases upon adsorption to HA-coated nanoparticles,40 as
also proposed for other surfaces.31,32,36,41 The adsorption of
nucleases themselves has also been proposed as an additional
factor that may reduce NA degradation.29,35,40

Although the adsorption of DNA and, to a lesser extent,
RNA to surfaces has been previously examined, knowledge
regarding the binding of dissolved organic matter (DOM) to
NAs and its potential to increase their persistence remains
limited. To date, studies on NA-OM interactions have
primarily investigated cases where one component (typically
the OM,32,39,42−46 though in one case DNA47) is adsorbed to a
solid support to facilitate separation of the adsorbed material
from solution. These studies have identified the roles of
electrostatic charge screening and cation bridging32,39,44−47 in
driving NA adsorption to OM, in addition to proposing
contributions from hydrogen bonding, the hydrophobic effect,
and van der Waals interactions.42,43 Binding of soil-extracted
HAs to DNA in solution, which may slow DNA biode-
gradation,48 has been characterized.48,49 However, these
studies separated DNA bound to HAs from free DNA using
centrifugation,48,49 which may underestimate binding if bound
DNA remains dissolved. Instead, we hypothesized that binding
of DOM to NAs might alternatively be characterized by
adapting techniques that have been previously applied to
explore binding between NAs and other dissolved molecules
like proteins.50−52

In this study, we evaluated the ability of DOM to bind to
RNA and protect it from nuclease-mediated degradation. To
characterize RNA-DOM binding, we adapted the electro-
phoretic mobility shift assay (EMSA), which is conventionally
applied to assess binding of macromolecules (e.g., proteins) to
NAs using separation based on size and charge.50−52 While we
determined that the technique could be applied to evaluate
RNA-DOM binding, we also identified key differences in how
the technique functions in this context relative to its
conventional application, supported by our use of homopep-
tides as DOM surrogates with known structures and
chemistries. Using the adapted approach, we compared
RNA-DOM binding as a function of RNA and DOM
characteristics (e.g., RNA length and structure and DOM
type). After identifying the factors that influence RNA-DOM

binding, we then tested their correlation to the ability of DOM
to suppress the enzymatic degradation of RNA in solution.
Expanding upon these results collected using DOM isolates,
we evaluated the ability of DOM occurring in authentic soil
and river water samples to also protect RNA from degradation
to validate the impact of DOM on the environmental
persistence of RNA.

■ MATERIALS AND METHODS
Material Sources, Preparation, and Characterization.

The sources of materials and supplies are detailed in Section
S1. RNA molecules (i.e., single-stranded (ss)RNA, 1006
nucleotides (nt); dsRNA, 100 and 1000 base pairs (bp),
spanning the sizes of dsRNA biopesticides37,53,54) were
synthesized following an established protocol25 (sequences in
Section S2). Modeling of the secondary structure of the ssRNA
molecule indicated extensive folding (Figure S1).55 Concen-
trations of the prepared stock solutions were measured using
ultraviolet (UV) light absorbance via a NanoDrop Onec
spectrophotometer (extinction coefficients of 0.0214 and
0.0266 (mg/L)−1 cm−1 for dsRNA and ssRNA, respectively).56

RNA size after synthesis was confirmed by gel electrophoresis.
RNase I enzyme (10 U/μL) was provided by the manufacturer
in a mixture containing 50 mM tris(hydroxymethyl)-
aminomethane-hydrochloride (Tris-HCl, pH 8), 100 mM
sodium chloride (NaCl), 0.01% Triton-X, and 50% (v/v)
glycerol.57 The final concentrations of these constituents in
RNase-containing samples are reported in the corresponding
figure captions. The RNase I mixture was stored at −20 °C in
an enzyme-rated freezer (ThermoFisher) until use.
DOM isolates used in this study include Pahokee peat HA

(PPHA, 1S03H), Leonardite HA (LHA, 1S04H), Suwanee
River fulvic acid II (SRFA, 2S101F), Suwanee River natural
organic matter II (SRNOM, 2R101N), and Elliott Soil fulvic
acid V (ESFA, 5S102F), which were selected to span the range
of reported polarities and charge densities among available
International Humic Substances Society (IHSS) isolates
(Table S2).58−60 We prepared DOM stock solutions by
adding individual IHSS isolates to ultrapure water (>18.2 MΩ
cm) and adjusting pH to 7 using 1 M hydrochloric acid or
sodium hydroxide. After being mixed overnight, the prepared
stocks were filtered using sterile syringes and 0.22 μm
polyvinylidene difluoride filters. Their organic carbon concen-
trations were measured in duplicate (replicate error < 10%)
using a total organic carbon analyzer (Shimadzu TOC-L)
(Table S3).
We also collected a soil extract and a surface water sample

that contained DOM. The soil extract was collected as the
supernatant of a suspension prepared by adding buffer to a
characterized silty clay loam soil (Table S4)61 as described in
Section S3.1.62,63 The surface water sample was collected from
the Missouri River near St. Charles, Missouri, and filtered with
a 0.22 μm poly(ether sulfone) membrane. Characterized soil
extract and river water quality parameters are reported in Table
S4 and Table S5, respectively. The soil extract and river water
were stored at 4 °C until use.
We followed a previously established protocol to prevent

RNA degradation due to inadvertent contamination of samples
by RNases or microbes.25,26 Specifically, plastic supplies were
either purchased as certified RNase-free or treated with 0.1%
diethylpyrocarbonate. Glassware was baked at 450 °C for 4 h,
and aqueous stock solutions (e.g., buffers) were autoclaved
before use. An exception was made for the DOM stocks, which
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were filter-sterilized but not autoclaved to avoid modifications
to the DOM chemical properties. In the binding experiments,
lower molecular weight products were not detected via gel
electrophoresis, ruling out unintended degradation.17,23 Addi-
tionally, because DOM had an inhibitory effect on RNase I-
mediated RNA degradation, as determined in the degradation
experiments detailed below, the contribution of residual
RNases in DOM solutions to RNA degradation was inferred
to be negligible relative to RNase I added as a reagent.
RNA-DOM and RNA-Homopeptide Binding Experi-

ments. Binding experiments were performed in 2 mL Protein
LoBind tubes, which have been found to negligibly sorb RNA
to the tube walls.23 The RNA concentrations were confirmed
using UV absorbance immediately before addition to
incubation mixtures, which were prepared by combining 3-
(N-morpholino)-propanesulfonic acid (MOPS) buffer, NaCl,
RNA, and DOM in a total solution volume of 20 μL
(corresponding to the volume loaded into gels). In some
experiments, DOM was replaced with the homopeptides poly-
L-lysine (PLL) and poly-L-threonine (PLT), which served as
DOM surrogates to determine how site-independent binding
to dsRNA affected its analysis by gel electrophoresis. The two
homopeptides are polymers with well-defined structures and
established charges, and their size ranges (Table S6) are
comparable to DOM (Table S2).52,64−66 All samples contained
25 mg/L RNA, 3 mM MOPS, and 10 mM NaCl as well as
PLL, PLT, or DOM at concentrations specified in the
corresponding figure captions and were incubated over 0.6−
1 h. At these conditions, DOM primarily remained dissolved,
as indicated by no change in solution absorbance after
centrifugation (14,800 rpm, 0.5 h, Figure S2). In the case of
RNA-DOM binding, no change in binding over a period of 5
min−12 h was observed (Figure S3), indicating that incubation
times used were sufficient to achieve equilibrium.
To quantify RNA concentrations after incubation, samples

were loaded using 6X Orange DNA Gel Loading Dye into gels
following a previously described gel electrophoresis techni-
que.26 Briefly, gels were made of 1.5% [w/w] agarose in Tris-
acetate-ethylenediaminetetraacetic acid (TAE) buffer (pH 8.4
± 0.1)67 and 0.01% [v/v] SYBR Safe stain. Gels were run at
150 V for 30 min.
Gels were imaged on a gel imaging system (Vision-

WorksLS), and the RNA signal was quantified using ImageJ
(version 1.53a), according to the protocol described in Section
S5.2.25 The binding data were fit by the Hill equation (eq 1),68

which was adapted from its conventional use for modeling
RNA-protein binding measured by EMSA.50,51 Unlike EMSA,
where the parameter Y represents the fraction of bound RNA,
we instead represented Y as RNA signal loss, as detailed below
in the subsection Application of Gel Electrophoresis to Assess
Binding of DOM to RNA in the Results and Discussion.

Y
B X

K X

h

D
h h

max=
×

+ (1)

The Hill parameters Bmax, X, KD, and h represent the
maximum calculated RNA signal loss, the applied PLL or
DOM concentration, the PLL or DOM concentration at Y =
0.5, and the Hill slope, respectively. The Hill slope is typically
1 for RNA-protein binding. Deviations in the value of Hill
slope from 1 (either h > 1 or h < 1) are representative of
scenarios where multiple proteins bind to RNA.50

RNase I-Mediated RNA Degradation Experiments.
The inhibitory effect of DOM on RNase I-mediated
degradation was primarily evaluated by comparing the
production of monomeric hydrolysis products (i.e., 3′-
nucleoside monophosphates, 3′-NMPs) in RNA samples
incubated either in the presence or absence of DOM. RNase
I, a member of the RNase T2 family57,69 found broadly across
diverse organisms,69,70 was selected for its ability to hydrolyze
RNA phosphodiester bonds to 3′-NMPs without the addition
of cofactors.71 Incubation mixtures were prepared by
combining the MOPS buffer, NaCl, and RNA, ensuring that
their final concentrations matched RNA-DOM binding
experiments. DOM (at concentration of 8−10 and 61−69
mgC/L) was added to a subset of samples. All samples had a
total volume of 79.0−79.5 μL. The solutions were vortexed
and then briefly centrifuged to spin down any liquid droplets
and incubated without shaking for 2.0−2.6 h at ambient
laboratory temperature, which were measured using a Durac
Plus thermometer (ThermoFisher) and reported in the
corresponding figure captions. After RNA-DOM incubation,
we applied RNase I at 5 U (for ssRNA) or 10 U (for dsRNA,
which RNase I is less active toward72) to generate sufficient
amounts of 3′-NMPs over the duration of the degradation
experiments (up to 9 h).
To determine the extent of RNase I-mediated RNA

degradation, concentrations of a specific 3′-NMP, namely 3′-
adenosine monophosphate (3′-AMP), were quantified using
high pressure liquid chromatography (HPLC) with UV
detection (Section S6).25 Slight variations in 3′-AMP
generation were observed across DOM-free control samples
during different experiments, ranging from 7.2(±0.1)−
9.1(±0.6) μM at 8.1−8.3 h (Figure 3). Consequently, to
account for the variations in 3′-AMP generation, we assessed
the inhibition of RNA degradation by DOM relative to the
DOM-free control within the same experiment.
The amount of 3′-AMP generated was similarly used to

assess RNase I-mediated dsRNA degradation in soil extract
and river water with a few modifications. Specifically, these
experiments comprised a pH-matched buffer control contain-
ing 10 U RNase I. Additionally, soil extract and river water
were incubated with dsRNA either in the absence or presence
of 10 U RNase I. The river water experiment was conducted
over a longer duration of 16.7 h compared to 7−9 h because
the river water had a higher pH (8.04 ± 0.04) compared to
other experiments performed at pH 7, which may reduce
enzymatic activity,73 as evidenced by the lowered 3′-AMP
generation in the pH-matched buffer control (Figure 4B).
The suppression of RNA degradation by PPHA was also

analyzed using the quantitative reverse transcription polymer-
ase chain reaction (RT-qPCR). PPHA was added to a subset of
the buffer-dsRNA mixtures immediately before the addition of
RNase I up to a total volume of 100 μL. The final
concentrations of all constituents are reported in the
corresponding figure caption. Following an incubation of 1 h,
all samples were serially diluted 100-fold before analysis by
RT-qPCR. This dilution factor was selected to prevent
inhibition by PPHA (Section S7).26

Statistical Analysis. All experiments were performed using
duplicate samples prepared separately. Error bars represent the
range of the sample values. The 90% confidence intervals
(CI90%) for Hill parameters were calculated using GraphPad
Prism 9.0. Differences in Hill parameters were evaluated for
statistical significance using the extra-sum-of-squares F test.
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Differences in hydrolysis product concentrations were
evaluated for statistical significance using an unpaired Student’s
t-test. For both statistical significance tests, the confidence level
was set as p ≤ 0.05.

■ RESULTS AND DISCUSSION
1. Application of Gel Electrophoresis to Assess

Binding of DOM to RNA. To assess whether DOM binds
RNA, we adapted EMSA, a technique that uses separation by
gel electrophoresis to assess binding of biomacromolecules
(e.g., proteins) to NAs.50−52 Typically, proteins bind to RNA
(e.g., ssRNA) at specific sites, while the rest of the RNA
molecule does not interact.50 Due to the difference in their
relative size and charge, the free and the protein-bound RNA
appear as two separate bands in the gel.50,51 In contrast, we
hypothesized that DOM would bind RNA at multiple sites as a
result of interactions between their functional groups located
throughout their structure,43 which we referred to as site-
independent binding. Consequently, we first aimed to evaluate
how this difference in binding type would affect the detection
of DOM-bound RNA when using gel electrophoresis.
In initial tests, we used the selected homopeptides as

surrogates for DOM. We expected PLL, which is cationic at
circumneutral pH,64 to strongly bind negatively charged
dsRNA (isoelectric point ∼5−7)74 by electrostatic inter-
actions. PLL has previously been found to bind DNA52 as well
as dsRNA75 (though notably aggregates were removed before
analysis using a 50 kDa filter, differing from our procedure). In
contrast to PLL, PLT is neutral at circumneutral pH64 and
therefore not expected to bind RNA strongly. In agreement
with our expectation, the addition of PLT had no effect on the
migration of dsRNA in the gel (Figure S5). In contrast, PLL at
the same concentration range resulted in decreasing intensity
of the dsRNA band as well as a slight shift toward the anode
(Figures S6, 1A), consistent with an aggregate with less overall
negative charge relative to its size.75

In addition to decreasing the intensity of the free RNA band,
increasing protein concentrations during EMSA leads to
increasing intensity of a band corresponding to the protein-
bound RNA.50,51 In contrast, PLL-bound RNA was not
visualized in the gel (Figure S6A), leading us to investigate
possible causes. To ensure that dsRNA bound by PLL enters
into the gel, we confirmed that residual dsRNA was not
observed within the gel well (Figure S6) and that PLL-bound

dsRNA was not lost to the gel running buffer (Section S8.2).
Instead, our additional tests suggested that binding of PLL to
dsRNA likely prevents fluorescent dye from intercalating into
dsRNA bound by PLL at all available sites (Section S8.3).
Partial suppression of dye intercalation may also occur for
dsRNA partially bound by PLL, which may also not occur at
sufficient levels to be visualized due to the polydispersity of
PLL52 resulting in aggregates with diverse sizes, charge states,
and conformations that migrate to different distances in the
gel. Our findings were consistent with DNA-PLL binding,
wherein bound aggregates were not observed.52 In contrast to
PLL, proteins bind to a target sequence within the RNA
molecule, resulting in the formation of a complex with a
specific size, charge, and conformation,50 thereby generating a
distinct band in the gel as most of the RNA molecule remains
available for dye intercalation. Due to these key differences
from EMSA, we refer to our assay as gel electrophoresis
throughout our study.
To evaluate the extent of RNA sites bound by PLL, we

compared the relative amount of PLL required to result in
significant dsRNA signal loss to the theoretical amount of PLL
expected to bind to dsRNA (Section S8.4). Experimentally,
dsRNA signal loss approached the upper limit of its measurable
value (i.e., corresponding to lower limit of dsRNA signal
remaining) when PLL was added at a concentration of 12.5
mg/L (Figures 1A, 1B), which corresponds to a mass ratio of
PLL to dsRNA of 0.5 mgPLL per 1 mgdsRNA. Theoretically, if
each positively charged monomer in PLL bound one negatively
charged nucleotide in dsRNA, we estimated that 0.4 mgPLL
would be required to bind 1 mgdsRNA. The similarity between
these ratios suggests that signal loss occurs when sufficient PLL
is present to bind to most available sites along the dsRNA
molecule, consistent with extensive site-independent binding
by PLL that prevents the intercalation of the fluorescent dye
into dsRNA.
Due to the differences that we observed between dsRNA-

PLL binding examined in our study relative to previously
characterized RNA-protein binding,50,51 we opted to report
our data in terms of signal loss rather than the fraction of
bound RNA, which is typically reported from EMSA.50,51 The
fraction of bound RNA is conventionally calculated using the
intensities of the bands corresponding to the unbound and
protein-bound RNA by assuming the fluorescent signal
intensities of these bands are proportional to the RNA mass

Figure 1. Binding of homopeptides and PPHA to 1000 bp dsRNA at 24−25 °C. Experiments were conducted at pH 7 (3 mM MOPS, 10 mM
NaCl). All samples contained dsRNA at an expected initial concentration of 25 mg/L. (A) The signal remaining of dsRNA was measured after
incubation with homopeptides PLL and PLT at specified concentrations for 1 h. The red dashed line represents the lower limit of measurable signal
remaining (12.5%). The data points below the measurable lower limit are represented with open squares. (B−C) The signal loss of dsRNA was
measured after incubation with PLL or PPHA at specified concentrations for 1 h or 0.6−0.7 h, respectively. Individual replicates were fitted with
the Hill equation (eq 1, Bmax constrained to values ≤ 100%). The red dashed line represents the upper limit of measurable signal loss (87.5%). The
PLL data points above the measurable upper limit are represented with open squares and were not included in the Hill equation fit. Error bars
represent the range of two replicate experiments; error bars not visible are smaller than the symbols.
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concentration.50 In contrast, our results suggest that complete
signal suppression is observed only when dsRNA is bound at
all sites by PLL. Consequently, our approach can be used to
differentiate between bound and unbound RNA but not to
determine the fraction of RNA molecules bound by one or
more PLL molecules. Despite these differences from EMSA,
we found that signal loss from dsRNA-PLL binding could be fit
to the Hill equation (eq 1, Figure 1B, R2 = 0.88), revealing a
Hill slope of 2.9 (CI90% = 2.2−8.0), which indicated that
multiple PLL molecules bound to dsRNA.
Using the framework developed to evaluate dsRNA-

homopeptide binding, we next applied gel electrophoresis to
evaluate dsRNA-DOM binding using PPHA. Unlike PLL,
which can neutralize dsRNA via binding,75 PPHA is unable to
neutralize dsRNA due to its negative charge,58 leading to the
unaltered migration of the dsRNA band in the presence of
PPHA (Figure S7). However, increasing PPHA concentrations
resulted in decreasing dsRNA signal (Figure S8). Since PPHA,
unlike PLL, is chromophoric, we considered the possibility that
elevated PPHA concentrations could result in reduced dsRNA
signal due to reduced dye fluorescence because of light
screening by DOM, rather than reduced dye intercalation into
bound RNA. To test this, we incubated different initial
concentrations of dsRNA with a fixed concentration of PPHA
and measured subsequent signal losses. If light screening by
DOM was causing decreased dsRNA signal, we would observe
that dsRNA signal losses were lowered by a consistent
percentage. However, we observed that the percentage of the
signal loss was higher at lower dsRNA concentrations (Figure
S9), which was indicative of dsRNA-PPHA binding being the
dominant cause of reduced dsRNA signal rather than light
screening. Similar to dsRNA-PLL binding, we anticipate that
partial binding of dsRNA by PPHA may result in the
generation of aggregates of diverse sizes and charges that
occur at individually low concentrations and be subject to
suppression of dye intercalation into dsRNA, such that they
remained undetectable by gel electrophoresis.
The dsRNA-PPHA binding data were also fit by the Hill

equation (Figure 1C, R2 = 0.85). The fit revealed a Hill slope
of 4.1 (CI90% = 2.5−6.9), which indicated that multiple DOM
molecules bound to dsRNA, similar to dsRNA-PLL binding.
However, there were notable differences between dsRNA-PLL
and dsRNA-PPHA binding. The KD for dsRNA-PPHA binding
was 12-fold higher on a per carbon basis (54.3 mgC/L, CI90% =
48.5−63.1 mgC/L) compared to dsRNA-PLL binding, which

had a KD of 4.5 mgC/L (CI90% = 3.2−4.7 mgC/L). This result
indicated that, at the same dsRNA concentration, PPHA was
required to be at a higher concentration relative to PLL to
result in 50% dsRNA signal loss. Furthermore, the Bmax for
dsRNA-PPHA binding was 77% (CI90% = 69−88%), in
contrast to dsRNA-PLL binding that reduced signal beyond
measurable limits. The lower Bmax for dsRNA-PPHA binding
indicated that binding of dsRNA by PPHA did not lead to
complete suppression of fluorescent dye intercalation, unlike
dsRNA-PLL binding.
2. Assessment of Factors Controlling RNA-DOM

Binding. After demonstrating that DOM binds to dsRNA,
we next aimed to elucidate the key factors that may control
their binding as a result of driving forces. Binding between
DNA and OM is governed by a combination of driving forces
including charge screening, cation bridging, reduced electro-
static repulsion, hydrogen bonding, and van der Waals
force.43−45 To explore the contribution of these driving forces
to RNA-DOM binding, we systematically tested the effect of
parameters including solution chemistry, RNA type (i.e.,
ssRNA or dsRNA) and length, and DOM type, polarity, and
charge densities on RNA-DOM binding.
We first examined the effect of solution chemistry on

dsRNA-DOM binding. This approach is commonly employed
to determine the contribution of charge screening, cation
bridging, and reduced electrostatic repulsion in driving binding
of biomacromolecules to OM-coated surfaces.44,45,58 However,
we anticipated that gel electrophoresis might not be able to
assess the effect of solution chemistry, because the chemistry of
the gel running buffer may determine binding instead of the
incubation buffer. Studies using EMSA have typically applied
gel running buffers with fixed solution chemistries and do not
adjust the solution during incubation.50,51 We varied the
solution chemistry of our incubation buffer by modulating the
ionic strength through the applied NaCl concentration or by
introducing orthophosphate as a binding competitor (Section
S8.6). These changes were made only during the incubation
period, while the gel running conditions remained constant. As
expected, the resultant dsRNA signal loss was unaffected by the
changes in solution chemistry, indicating that gel electro-
phoresis was ultimately dependent on the composition of the
gel running buffer (40 mM Tris, 20 mM acetic acid, 1 mM
EDTA, pH 8.4 ± 0.1).67

To investigate the impact of RNA type on RNA-PPHA
binding, we compared the binding of 1000 bp dsRNA and

Figure 2. Binding between RNA and DOM characterized by gel electrophoresis. Experiments were conducted at pH 7 (3 mM MOPS, 10 mM
NaCl) for 0.6−0.7 h at 23−26 °C. All samples contained RNA at an expected initial concentration of 25 mg/L. (A−B) The signal loss of RNA
(1006 nt ssRNA and 1000 bp dsRNA, A; 100 and 1000 bp dsRNA, B) was measured after incubation with PPHA at specified concentrations.
Individual replicates were fitted with the Hill equation (eq 1). The red dashed line represents the upper limit of measurable signal loss (87.5%). (C)
DOM isolates LHA, PPHA, SRNOM, SRFA, and ESFA at a concentration of 70 mgC/L were incubated with 1000 bp dsRNA. The red dashed line
represents the lower limit of measurable signal remaining (12.5%). Error bars represent the range of two replicate experiments; error bars not
visible are smaller than the symbols.
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1006 nt ssRNA. Previously, HA-coated nanoparticles had
demonstrated similar adsorption to both ssDNA and dsDNA
at the higher DNA concentrations tested.43 However, at the
lower DNA concentrations, the adsorption of HA-coated
nanoparticles to ssDNA was slightly higher relative to dsDNA.
This was attributed to the exposed bases of ssDNA, which
were proposed to lower electrostatic repulsion and increase the
likelihood of forming hydrogen bonds with HA.43 In contrast,
we found that the Hill parameters for ssRNA and dsRNA
binding by PPHA were not statistically significantly different (p
= 0.18, Figure 2A), consistent with the extensive folding in the
ssRNA structure (Figure S1).55

We next investigated the impact of RNA length on its
binding by DOM by comparing the binding of PPHA to 100
and 1000 bp dsRNA. For adsorption of HA-coated nano-
particles to DNA, it was observed that the 508 bp DNA
fragment exhibited modestly higher adsorption compared with
the longer 680 and 861 bp fragments.43 This difference was
attributed to size exclusion or diffusion limitation effects that
impeded the longer DNA fragments from accessing pores
within the OM-coated surface.43 However, for dsRNA-DOM
binding, we hypothesized that the dsRNA length would not
influence binding due to the availability of equivalent numbers
of total binding sites in both 100 and 1000 bp dsRNA at the
same mass concentration. We observed that our result aligned
with our hypothesis because the calculated Hill parameters for
the two dsRNA lengths were not statistically significantly
different (p = 0.41, Figure 2B). Thus, our result confirmed that
binding by DOM was independent of the dsRNA length.
The binding of other selected DOM isolates to 1000 bp

dsRNA was then assessed in order to examine the effect of the

DOM type on binding. At a concentration of 70 mgC/L, at
which PPHA had previously demonstrated binding to dsRNA
(Figure 2B), we observed that LHA also bound to dsRNA, as
evidenced by the dsRNA remaining signals of 22(±3)−
33(±1)% (Figure 2C). In contrast, both SRFA and ESFA had
higher dsRNA remaining signals, exceeding 88%, implying that
FAs had lower binding to dsRNA relative to HAs. Extensive
binding of SRFA to RNA was not observed even across a wide
range of SRFA concentrations (8−120 mgC/L, Figure S12),
indicating that SRFA binding to dsRNA was lower than the
HAs even at higher SRFA concentrations. Similar to the FAs,
SRNOM demonstrated a dsRNA remaining signal of
94.9(±2.7)%, indicating that SRNOM also had lower binding
to dsRNA relative to HAs. Overall, this result indicates that
HAs bind dsRNA to greater extents relative to other DOM
types.
By analyzing the correlation between dsRNA signal loss and

specific DOM properties (Table S2), we evaluated the
potential contributions of various driving forces to dsRNA-
DOM binding. We began by correlating dsRNA signal loss to
DOM polarity, which was represented as the molar ratio of
combined oxygen, nitrogen, and sulfur to carbon.58 We found
that the dsRNA signal loss decreased with increasing DOM
polarity (Figure S13A), indicating the potential contribution of
the hydrophobic effect to drive RNA-DOM binding, as
observed for binding of other polyelectrolytes (i.e., proteins)
to OM-coated surfaces.58 We also correlated dsRNA signal loss
to the carboxyl charge density of DOM and observed that
signal loss increased as the carboxyl charge density decreased
(Figure S13B), suggesting that lower electrostatic repulsion
between RNA and DOM also contributes to binding. In

Figure 3. RNase I-mediated degradation of RNA in the presence of DOM isolates. Experiments were conducted at pH 7 (3 mM MOPS, 10 mM
NaCl) at 23−26 °C. All samples contained either 1000 bp dsRNA (A-C) or 1006 nt ssRNA (D) at an expected initial concentration of 25 mg/L
with DOM isolates added as indicated in the figure legends. The suppression of RNA degradation by DOM was assessed relative to the DOM-free
control within the same experiment. In dsRNA-containing samples (A-C), RNase I was added at an activity of 10 U; therefore, the samples also
contained 0.6 mM Tris-HCl, 1.3 mM NaCl, 0.0001% Triton-X, and 0.6% (v/v) glycerol that were present in the RNase I mixture. In the ssRNA-
containing samples (D), RNase I was added at an activity of 5 U, resulting in correspondingly lower concentrations of constituents in the enzyme
mixture. Error bars represent the range of two replicate experiments; error bars not visible are smaller than the symbols. The dashed lines indicate
the limits of detection.
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contrast, we found that the signal loss was not correlated to the
phenolic charge density of the DOM (Figure S13C). While we
tested the effect of polarity and charge density, correlated
DOM properties (i.e., aromaticity, molecular weight) might
also play a role in influencing dsRNA-DOM binding.
3. Effect of DOM on RNase I-Mediated RNA

Degradation. Following our finding that the DOM type
determines binding to RNA, we examined whether the DOM
type was also related to the ability of DOM to protect RNA
from enzymatic degradation. We first compared the capacity of
PPHA and SRFA at 8−9 mgC/L to protect dsRNA from
enzymatic degradation at pH 7, by monitoring the production
of 3′-AMP. We found that PPHA completely inhibited dsRNA
degradation relative to the DOM-free control (Figure 3A). In
addition, SRFA also suppressed degradation, albeit by a lower
extent of 66.82(±0.02)% relative to the control at 9.4 h,
indicating that PPHA was more effective than SRFA at
protecting dsRNA from degradation. The difference in dsRNA
protection between PPHA and SRFA can be attributed to the
higher capacity of PPHA to bind dsRNA relative to that of
SRFA (Figure 2C). This correspondence indicated that
binding of dsRNA by DOM lowered its accessibility to
RNase I, thereby reducing dsRNA degradation. An additional
factor may be the higher encapsulation of enzymes by PPHA
relative to SRFA, which may lower enzymatic activity,60 and
further contribute to the observed differences in dsRNA
protection by different DOM types.
To further explore the generalizability of our findings with

PPHA and SRFA, we extended our investigation to other
DOM isolates, LHA and ESFA. We found that at 10 mgC/L,
LHA completely suppressed dsRNA degradation at 8.3 h
(Figure 3B), similar to PPHA (Figure 3A). In contrast to LHA,
10 mgC/L ESFA suppressed degradation to a lower extent of
46.8(± 0.1)% relative to the control at 8.3 h. Consequently, at
DOM concentrations of 8−10 mgC/L, which are within the
upper bound of DOM concentrations reported in surface
waters,76−78 HAs demonstrated an enhanced capacity to
protect dsRNA from degradation relative to FAs.

To examine whether higher concentrations of FAs resulted
in greater suppression of dsRNA degradation relative to their
lower concentrations, we next investigated degradation in the
presence of SRFA at 61 mgC/L in comparison to PPHA at 69
mgC/L. We found that PPHA completely inhibited degrada-
tion at the higher concentration (Figure 3C), consistent with
the complete suppression of degradation observed at the lower
concentration (Figure 3A). Meanwhile, SRFA at 61 mgC/L
inhibited 3′-AMP production by 97.934(±0.002)% relative to
the control at 9.3 h, marginally lower than the inhibition
observed with PPHA (Figure 3C). Our result demonstrated
that high DOM concentrations resulted in complete inhibition
of enzymatic degradation of dsRNA.
In addition to the DOM type, we examined the effect of the

RNA type on the ability of DOM to protect RNA from
enzymatic degradation. Since RNase I is selective for ssRNA,71

we applied lower enzymatic activity for 3′-AMP generation.
Relative to the control, PPHA at 69 mgC/L completely
inhibited 3′-AMP production (Figure 3D), similar to the result
observed with dsRNA degradation (Figure 3C). SRFA also
suppressed ssRNA degradation relative to the control, as
demonstrated by an 88.54(±0.01)% reduction in 3′-AMP
concentration at 9.2 h (Figure 3D). According to our results,
DOM was effective in protecting both RNA types.
While the formation of 3′-AMP is specific to enzymatic

hydrolysis of RNA,79 loss of detectable RNA measured by RT-
qPCR can occur due to many different processes. However,
because RT-qPCR is widely used to measure RNA in
environmental applications,7,80 we performed additional tests
to confirm that the protective effect of PPHA on RNA was
detectable by RT-qPCR as well, which allowed both lower
dsRNA concentrations (1 mg/L) and lower RNase I activities
(0.002−0.2 U) to be used (Figure 4A). Concentrations of
dsRNA decreased when exposed to increasing RNase I
activities, but the inclusion of PPHA increased remaining
dsRNA concentrations by almost one to two orders of
magnitude (Figure 4A). An additional experiment using
0.008 U RNase I demonstrated consistent suppression of
enzymatic degradation of dsRNA by PPHA at different time

Figure 4. RNase I-mediated degradation of 1000 bp dsRNA in the presence of DOM at 23−26 °C. (A) Loss of intact dsRNA (added at 1 mg/L)
measured by RT-qPCR incubated with PPHA (0 or 9 mgC/L) and RNase I (0.002−0.2 U) at pH 7 (3 mM MOPS, 10 mM NaCl) in a total volume
of 100 μL over 1 h. Labeled lines indicate samples with 0 U RNase I without (black) and with (red) PPHA; solid and dashes lines indicate means
and ranges, respectively. (B−C) The generation of 3′-AMP was measured in surface water and soil extract containing DOM by HPLC-UV. All
samples contained dsRNA at an expected initial concentration of 25 mg/L and RNase I (0 or 10 U). The reaction was monitored in either the
Missouri River water (2.4 mgC/L) or the buffer control (3 mM MOPS, 10 mM NaCl) over 16.7 h (B) and in either the soil extract (11.4 ± 0.2
mgC/L) or the buffer control, both containing 6 mM MOPS and 20 mM NaCl over 7 h (C). RNase I was added at an activity of 10 U (B−C);
therefore, the samples also contained 0.6 mM Tris-HCl, 1.3 mM NaCl, 0.0001% Triton-X, and 0.6% (v/v) glycerol that were present in the RNase I
mixture. In panel (A), RNase I was added at an activity of 0.002−0.2 U, resulting in correspondingly lower concentrations of constituents in the
enzyme mixture. The dashed lines indicate the lowest quantifiable standard (A) or the limits of detection (B−C). Error bars represent the range of
two replicate experiments; error bars not visible are smaller than the symbols.
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points up to 1.5 h (Figure S14). Consequently, the suppression
of enzymatic degradation by HAs also affects measurements of
RNA concentrations by application-relevant approaches like
RT-qPCR.
4. Inhibition of RNase I-Mediated RNA Degradation

in Environmental Systems. We subsequently examined
whether DOM in environmental samples, specifically in river
water and soil extract, could also protect dsRNA against
enzymatic degradation, as observed previously with the DOM
isolates. To assess the extent of enzymatic degradation
suppression by environmental DOM, the hydrolysis product
concentrations were compared between a pH-matched buffer
control and the natural samples. To exclude dsRNA
degradation mediated by naturally occurring extracellular
RNases, we additionally measured the concentration of the
hydrolysis product in the natural samples without the addition
of RNase I.
Over a period of 16.7 h, we did not observe 3-AMP

generation in the river water control, but we found that the
buffer control had a 3′-AMP generation of 6.0(±0.5) μM upon
the inclusion of RNase I over the same duration (Figure 4B).
In contrast, when RNase I was applied to the river water, we
found that the 3′-AMP generation was reduced compared to
the buffer control, corresponding to an inhibition extent of
38.5(±0.1)% (p = 0.045). Due to the presence of DOM at a
concentration of 2.4 mgC/L in the river water sample as well as
the consistent pH and temperature between the buffer control
and sample, our result suggests that DOM present in the river
water protected dsRNA against enzymatic degradation.
We applied an organic MOPS buffer instead of an inorganic

buffer species during the preparation of the soil extract in order
to prevent competition for binding sites with RNA (Section
S3.1).16 However, the carbon contributed by MOPS masked
the contribution of extracted DOM to the organic carbon
content. Therefore, we estimated the extracted DOM
concentration using light absorbance, which we assumed to
predominantly result from DOM. We divided the measured
UV−vis absorbance at 254 nm (0.70 ± 0.01 cm−1, Table S4)
by the specific ultraviolet absorbance (SUVA254 nm) of ESFA
(4.6 L mgC−1m−1).81 This calculation yielded an estimated
DOM concentration of 15.2(± 0.2) mgC/L, which when
diluted with reactants resulted in a final DOM concentration of
11.4(± 0.2) mgC/L.
Similar to our observation with the river water control,

dsRNA degradation was not detected in the soil extract control
(Figure 4C), suggesting that extracellular RNases in the soil
extract did not contribute to dsRNA degradation within 7 h. In
contrast, the buffer control containing RNase I had a 3′-AMP
generation of 11.6(±0.4) μM. The soil extract suppressed
RNase I-mediated degradation of dsRNA, as evidenced by the
reduction of the 3′-AMP concentration by 45.88(±0.02)%
relative to the control (p = 0.005). This result suggested that
DOM present in the soil extract contributed to the protection
of RNA from enzymatic degradation.
5. Environmental Implications. To evaluate the site-

independent binding of DOM to RNA in aqueous solutions,
we adapted EMSA, a well-established method for evaluating
RNA-protein binding.50,51 In conventional EMSA, the differ-
ential migration of the free and bound RNA within the gel is
utilized to determine binding. However, the use of a gel
running buffer with a fixed solution chemistry in EMSA limits
the determination of the effect of solution chemistry on
binding.50,51 Unlike the traditional EMSA, our adapted gel

electrophoresis technique detected binding by measuring the
suppression of fluorescence due to the reduced intercalation of
dye into RNA bound by homopeptides or DOM. As a result,
gel electrophoresis distinguished RNA that is bound at all sites
by DOM from RNA that is unbound or partially bound.
Using gel electrophoresis, we revealed that the binding of

DOM to RNA remained unaffected by tested RNA properties
(i.e., length or type). Future studies could examine the binding
of DOM to other RNA molecules (e.g., ribosomal RNA and
transfer RNA). In contrast, the DOM properties (i.e., DOM
type) played a key role in binding. HAs consistently bound to
RNA, whereas FAs and NOM did not. The OM type has also
been shown to be a key factor determining binding of OM to
other biomolecules such as proteins.58,60 The higher RNA
binding capacity of HAs was correlated to their intrinsic
properties, such as lower polarity and carboxyl charge density,
which led us to hypothesize that binding may be driven by the
hydrophobic effect and reduced electrostatic repulsion.
Although RNase I-mediated RNA degradation exceeded

rates observed in environmental systems,22,61 the protective
effect of HA remained consistent across varying RNase I
activities. At 8−10 mgC/L, within the upper limit of
environmentally reported DOM concentrations,76−78 HAs
inhibited nuclease-mediated degradation of RNA to a higher
extent than FAs. The higher suppression by HAs may result
from their enhanced capacity to bind RNA, which reduces the
ability of RNase I to access RNA. An additional consideration
maybe the enhanced encapsulation of nucleases by HAs
relative to FAs, which may lower their enzymatic activity.60

Thus, our results suggest that chemically or physically treated
microcosms may have different kinetics for RNA degradation
in comparison to natural systems if the treatment alters DOM
properties such that its binding to RNA is impacted.
The increased persistence of RNA in the presence of DOM

has broad environmental implications, specifically in the
context of emerging applications of RNA. For example, the
suppression of mineral-catalyzed hydrolysis of RNA by DOM
could increase the persistence of dsRNA biopesticides in
relevant soils and sediments.17 The increased persistence of
dsRNA biopesticides may increase risks posed to nontarget
organisms,15 particularly if bioactivity of dsRNA is retained
upon binding by DOM. Our findings additionally suggest that
the protective effect of DOM in wastewater82,83 needs to be
considered when modeling degradation rates of free genomic
viral RNA84 in the context of wastewater-based epidemiology.
Similarly, DOM may be considered when modeling RNA
degradation rates in ecological surveys. Thus, improved
estimations of RNA persistence in environmental systems
containing DOM will aid the successful deployment of
emerging RNA technologies.
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