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Abstract

Wang et al. (2022) recently demonstrated that free DNA tracers have the potential in
tracing water flow and contaminant transport through the vadose zone. However, it is
still unclear what are the adsorption/desorption rates of free DNA tracer in real soil and
what are the dominant mechanisms controlling these rates? To answer these questions,
we tested the fate and transport behavior of free DNA tracers through packed sandy soil
columns. From the experimental breakthrough curves and by fitting a two-site kinetic
sorption model adsorption/desorption rates could be obtained and tracer retention
profiles could be simulated. Together these results revealed that 1) the adsorption of

free DNA was dominantly to clay particles in the real soil, which took up 1.96 % by
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volume, but took up much more than 97.70 % by surface area; and 2) at a pore water
pH of 8.0, excluding the 4.9 % passing through and 3.1 % degradation amount, the
main retention mechanisms in the experimental soil were ligand exchange (42.0 %),
Van der Waals interactions (mainly hydrogen bonds) electrostatic forces and straining
(together 44.7 %), and cation bridge (5.3 %). To our knowledge, this study is the first
to reveal the adsorption mechanisms of free synthetic DNA tracers passing through real
soil. The adsorption mechanisms of free DNA tracer in real soil revealed here could
facilitate the application of free DNA tracer to trace vadose zone water flow and solute/

contaminant transport under flood irrigation and other infiltration conditions.

Keywords: free DNA tracer, real soil, adsorption, ligand exchange, cation bridge,

hydrogen bond, electrostatic force

1. Introduction

Although DNA tracers, either free DNA strands or DNA strands encapsulated by
polymers or silica for protection, have unparalleled advantage in tracking the
connectivity between multiple sources and multiple sinks at a very low detection limit
(Wang et al., 2023). However, the application of DNA tracers to real soil systems is
still at a pioneer stage due to the fast degradation (Sirois and Buckley, 2019) and strong
adsorption (Pang et al., 2022) of free DNA tracers in real soil and the high retention of
encapsulated DNA tracers in real soil (Wang et al., 2019). Encapsulated DNA tracers
could hardly transport through packed soil without preferential pathways (Wang et al.,
2019); whereas, free DNA tracers have recently been proven through both experiments
and model simulations to be relatively mobile in packed real soil textured porous media

(Wang et al., 2022).
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However, little is still known about how free DNA tracers behave in real soil.
Specifically, what are the adsorption/desorption rates of free synthetic DNA in real soil
and what are the dominant mechanisms controlling these rates? Generally, the dominant
adsorption mechanisms of naturally occurring DNA to clay minerals include
electrostatic forces, Van der Waals interactions (mainly hydrogen bond), ligand
exchange and cation bridge (Yu et al., 2013). The isoelectric point (pl) of DNA is
around 5 (Sodnikar et al., 2021), which means that at a pH>5.0, DNA is negatively
charged (Xue and Feng, 2018) and would not be directly adsorbed to negatively charged
minerals by electrostatic force (Cai et al., 2006). However, at pH>5.0 the negatively
charged DNA could adsorb to positively charged minerals, for instance, minerals
containing Al2Oz and Fe2O3 (Zhang et al., 2021) (Figure 1a). The polar DNA molecules
can be adsorbed on the corner or broken edges of clay minerals which are
phyllosilicates (Yu et al., 2013). Because phyllosilicates possess amphoteric hydroxyl
groups on their broken surfaces (Gardner and Gunsch, 2017) which can form hydrogen
bonds (Scholes et al., 2011) (Figure 1b). Ligand exchange refers to the direct binding
of phosphate groups at the two ends of the DNA molecule to the hydroxyl groups on
the edges of clay minerals (Pedreira-Segade et al., 2018) (Figure 1c). Thus, the presence
of free phosphate in pore water may affect the adsorption and binding of DNA onto
clay minerals (Saeki et al., 2011a; Saeki et al., 2010). Cation bridges form when
multivalent cations, particularly, divalent cations, such as Ca** and Mg?" attract the
negatively charged phosphate groups of the DNA molecule on one hand and grab the
negatively charged tetrahedral silica layer on the clay surface on the other hand (Sheng
etal., 2019) (Figure 1d). Thus, chelating multivalent cations with strong chelation, e.g.,
EDTA, could break the cation bridges and release cation-bridge-bonded DNA

molecules (Bulushev et al., 2014; Liang and Keeley, 2013).
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Figure 1. Retention and degradation mechanisms controlling the transport of free DNA
through real soil: (a) degradation, (b) Ligand exchange, (c) Van der Waals interactions,
(d) cation bridge. (Adapted from Franchi et al. (2003), Saeki and Sakai (2009) and Yu
et al. (2013)).

Thus far, most studies on the adsorption of natural free DNA to soil have been based
on adsorption experiments, i.e. the study of adsorption dynamics (Lajmi et al., 2020;
Pang et al., 2022) or adsorption isotherms (Gardner and Gunsch, 2017; Hou et al., 2014)
of DNA to different soil constituents, especially clay minerals (Saeki et al., 2011b).
Many adsorption experiments have been conducted under different pH conditions
(Saeki et al., 2010), which alter the charge of the DNA molecules and control the
electrostatic forces (Sodnikar et al., 2021; Vandeventer et al., 2012). Adsorption
experiments have also been conducted by adding ligands to compete for adsorption sites
with the phosphate groups in DNA molecules, by for example, adding phosphate (Min
et al., 2014) or sodium metaphosphate (SMP) (Cai et al., 2006) that contains free
phosphate. And adsorption experiments have been conducted by adding different

cations (e.g., Na*,Ca2+ or Fe**) to investigate the effect of cation bridges on retention
g
4
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too (Sheng et al., 2019). However, these studies rarely explored the role of the four
mechanisms simultaneously on free DNA transport through real soil.

Recently, degradation experiments, adsorption experiments and sand column
experiments have been conducted to explore the degradation and adsorption
mechanisms of free synthetic DNA tracers to porous media (Mikutis et al., 2019; Pang
et al., 2022; Zhang et al., 2021). Using flanking regions on each end of DNA tracer
could protect the internal amplicon that was analyzed with g°PCR (Pang et al., 2022).
However, adding flanking regions means the total length of the DNA tracer molecule
is increasing and a longer total length means more sites are available for adsorption
when transporting through porous media as demonstrated by Zhang et al. (2021).
Therefore, the objectives of this study are 1) to reveal the adsorption mechanisms of
free DNA through real soil under flood irrigation conditions, and 2) to reveal the
relative importance of the main adsorption mechanisms, i.e., what roles do the
electrostatic forces, Van der Waals interactions (mainly hydrogen bond), ligand

exchange, and/or cation bridge play?

2. Materials and Methods

2.1 The free DNA tracer

For this study an 88 nucleotides (nt) T12 ssDNA sequence was adopted from (Wang et
al., 2022), whose uniqueness was confirmed using the Basic Local Alignment Search
Tool (BLAST) and by comparing the sequence against the National Center for
Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/) to
ensure that the primers do not target any documented environmental DNA sequences

(e.g., genomic DNA of microorganisms). The HPLC purified T12 ssDNA sequence



117 was ordered from the Sangon Biotech (Shanghai) Co., Ltd. as lyophilized ssDNA and
118  was frozen at —20°C until use.
119

120  Table 1. The sequence of the synthetic DNA tracer.

DNA sequence

T12 5-CCGTAGAGATCTCCCATCTGTCCTTTG CTG AAGGTT AAAACCCCG

GAC CGCCTAGAATAT TCTTTCTTT AGC TCC AAAATGGCCTCTC-¥

121 Bold and underlined: forward primer

122 [talic and underlined: reverse primer

123

124  The concentration of the T12 ssDNA in the samples was measured using quantitative
125  real-time polymerase chain reaction (qPCR) following the same procedure provided by
126 (Wang et al., 2022). Samples were prepared for a 96-well plate by mixing 6 pul of each
127  collected sample, with 10 pl of the SsoAdvanced™ Universal SYBR® Green
128  Supermix, 0.5 pL of each forward and reverse primer, and 3 pL of nuclease-free water
129  prior to analysis with a Bio-Rad CFX96 Touch (Hercules, CA, USA). Triplicates of
130  each sample as well as triplicates of negative controls and 7 standards (i.e., samples of
131 known concentrations ranging from 100 — 108 copies) were included on each plate and
132  a standard curve was produced to relate the quantification cycle (Cq) value to DNA
133 copy count. The DNA copy counts were measured based on a sample volume of 6 puL
134  and then converted to concentrations in copies/ml.

135

136 2.2 The soil

137  Topsoil (0-20 cm) was excavated from a watermelon field near Yulongsha Lake
138  (119.02°E, 42.94°N) in Chifeng City, Inner Mongolia and air-dried. To minimize

6
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physical filtration, mainly straining, the soil was passed through a 50 um pore size sieve
(100 g soil were sieved for 20 min at a time through a 50 um sieve) after thorough
mixing to remove most of the silt and clay particles, although there were still some fine
silt and clay particles attached to sand particles. The resulting soil was of a sandy soil
texture with 92.23 % sand (>50 pum), 5.81 % silt (2-50 pm) and 1.96 % clay (<2 pum)
by volume (Figure 1a), measured by a Mastersizer 2000 (Malvern, UK). The electrical
conductivity, pH and cation exchange capacity (CEC) of the soil are 7.85 uS/cm, 7.35
and 2.64 meg/100 g, respectively, in the range of a typical sandy soil in North China.
The mineral composition of the soil are shown in Table S1.

Given the differential particle size distribution by volume (Figure 1a), we calculated
the specific surface area per unit volume of the soil. Specifically, assuming that the sand
and silt particles > 2 um are spherical, we could obtain the specific surface area per unit
volume (A/V) using Eq. (1) and then converted the differential particle size distribution
by volume to the differential particle size distribution by surface area for the sand and
silt portion.

For a spherical particle of diameter D, its volume (V) and surface area (A) can be

calculated by:

V=§n(D)3,A=nD2 )

2

Then the specific surface area per unit volume (A/V) would be:

A  6mD? 6
=75 = (2)

Whereas, for the clay particles < 2 um, assuming that the clay particles are illite which
take up 93% of clay minerals (Table S1), we use the typical specific density (2.6 g/cm?)
and specific surface area (80-150 m?/g) of illite (McBride, 1994) to calculate the

differential particle size distribution by surface area for the clay texture portion.



163  Specifically, for each clay particle size d, the differential particle size distribution by
164  volume was multiplied by the specific density (2.6 g/cm?®) and the specific surface area
165  (using the lower limit of 80 m?/g to be conservative) to obtain the differential particle
166  size distribution by surface area. Then, combining the differential particle size
167  distribution by surface area for sand and silt portion and for clay portion, the differential
168  and cumulative particle size distribution by surface area of the soil was obtained, as
169  shown in Figure 1b. It can be seen that although clay (<2 pum) only took up 1.96 % by

170  volume (Figure 1a), it took up over 97.70 % by surface area (Figure 1Db).
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172 Figure 1. The differential and cumulative soil particle size distribution by volume (a)
173  and by surface area calculated assuming soil particles are spheres (b).
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2.3 Soil column experiments

Tracer Cocktail

Mariotte's Bottle

pH = 8.0 Tris-HCI 10cm | pH =8.0 Tris-HCI
Buffer

Pre-saturated Buffer
with pH =8.0
| Tris-He1 Butfer 10 em

]
@
£
5

Peristaltic pump  Fractional collector Peristaltic pump  Fractional collector Peristaltic pump  Fractional collector

sandy soil
Sandy soil

0s + 605 »90s ——————» 60min
Stage 1 Stage 2 Stage 3
Tracer Injection and Infiltration Irrigation Reached Ponding Depth of 10 cm Steady-state

Figure 2. The soil column experimental setup.

A total of 15 transparent polyvinylchloride (PVC) columns (30 cm long, 3 cm inner
diameter) were packed with 10 cm of the sandy soil to test DNA tracer transport through
real soil. The 10 cm sandy soil (as described at Section 2.2) was screened with a
perforated plastic plate (diameter of 3 cm, pore size of 0.2 cm) on the top to avoid
disturbance of the soil surface by the influent tracer or irrigation water. The bottom of
the column was screened with a perforated plastic plate (diameter of 3 cm, pore size of
0.2 cm) that was covered by filter paper (diameter of 3 cm, pore size of 7-8 um) to
avoid soil leakage. All of the soil columns were packed to a bulk density of p» = 1.51
g/cm?, and pre-saturated from bottom for 8 hr with a 0.01 mol/L (Exp 1) or 0.05 mol/L
(Exp 2-5) pH=8.0 Tris-HCI buffer (Table 2). This was done to ensure full saturation
(saturated water content 65 = 0.44 cm®/cm® and pore volume (PV) = 31.5 cm?) and to
reach an initial pH=8.0 over the entire soil column in order to exclude the effect of pH
on electrostatic forces.

Each experimental run was conducted in three stages under saturated conditions. First,
the pre-saturated soil column was set vertically and was immediately connected to a

peristaltic pump and then to a fractional collector (Figure 2). In stage 1, 5 ml (0.167



195  pore volume) of a tracer solution (adjusted to pH=8.0 by adding 5 mol/L NaOH right
196  before injection) was pulse injected over 2 s at the top of the column (Figure 2(D). The
197  solution took about 60 s to fully infiltrate into the soil with the help of the peristaltic
198  pump (Figure 2 Stage 1).
199
200 Table 2. The compositions of the 5 different tracer solutions and the experimental
201 condition during the 5 different experiments.
Unit Exp 1 Exp 2 Exp 3 Exp 4 Exp 5
T12 DNA  copiess/ml 3E+14 3E+14 3E+14 3E+14 3E+14
KBr mmol/Il 10 10 10 10 10
Tris mol/l 0.01 0.1 0.1 0.1 0.1
Tracer — gprA mol/l 0001 0.1 0.1 0.1 0.1
solution
NazHPO4 mol/l 0 0 0.1 0.5 0
(NaPOz)s mol/l 0 0 0 0 0.1
pH 8.0 8.0 8.0 8.0 8.0
Tris-HCI Tris mol/I 0.01 0.05 0.05 0.05 0.05
buffer pH 8.0 8.0 8.0 8.0 8.0
Temperature °C 2+1  22+1  22+£1 22+1 22+1
202
203  As shown in Table 2, the constituents of the tracer solutions were different in the five
204  triplicated experiments. In Exp 1, a baseline solution was used consisting of 3E+14
205  copies/ml of the T12 ssDNA tracer, 0.01 mol/L Tris, and 0.001 mol/L EDTA imitating
206  the pH=8.0 TE buffer which is a typical DNA storage solution (Nguyen and Elimelech,
207  2007; Sambrook et al., 1989), and 10 mmol/L KBr as a reference tracer. For Exp 2 to
208  Exp 5, the 3x10'* copies/ml T12 ssDNA tracer and the 10 mmol/L KBr were maintained,
209  but the concentrations of Tris and EDTA were raised to 0.1 mol/L to better buffer the
210  pH and fully chelate the multivalent cations. In Exp 3, 0.1 mol/L NaHPO4 was added
211 as competing ligand to compete adsorption sites with the phosphate groups in DNA
212 molecules and investigate the role of ligand exchange. In Exp 4, the concentration of

10
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Na2HPO4 was raised to 0.5 mol/L to occupy more adsorption sites. Finally, in Exp 5,
0.1 mol/L (NaPOz)s was added as a stronger competing ligand, as 0.1 mol/L (NaPO3)e
could theoretically provide 0.6 mol/L POz". The Tris, EDTA, Na2HPO4, (NaPO3)s and
KBr were purchased from Shanghai Macklin Biochemical Technology Co., Ltd.

Stage 2 started when the tracer solution just fully infiltrated into the soil (Figure 2 Stage
2). A Mariotte’s bottle was used to pond the sandy soil with 0.01 mol/L (Exp 1) or 0.05

mol/L (Exp 2-5) of pH=8.0 Tris-HCl buffer (Figure 2(2)), until a 10 cm water head was

reached (taking about 30 s), mimicking flood irrigation.
Stage 3 started when the ponded water reached 10 cm. The Mariotte’s bottle was used
to continuously supply the 0.01 mol/L (Exp 1) or 0.05 mol/L (Exp 2-5) pH=8.0 Tris-

HCI buffer (Figure 22) and maintain the 10 cm ponded water throughout the

experiment, to reach a constant flow of 5 ml/min with the help of the peristaltic pump
until the end of the 1-hr experiment (Figure 2 Stage 3).

The laboratory temperature was controlled by air conditioner at 22 + 1 [ to exclude the
effect of temperature on the adsorption mechanisms, as adsorption releases heat (Mason
et al., 2015). Each sample collected by the fractional collector was weighed, and then a
100 pl subsample was saved and frozen at -20 °C until DNA tracer analysis via qPCR.
The rest of the sample was stored at 4 °C until Br analysis with an ion selective electrode
(ISE, D10-35, Orion Dual Star, US) after dilution. The Br concentration in each sample
was then scaled by the dilution factors.

2.4 Water flow and reference tracer Br transport modeling

Although the water flow was set to be constant (5 ml/min), the best fit saturated
hydraulic conductivity (Ks, cm/min) of each experiment (Tables 3 and S3) was inversely
solved by fitting the Richard’s equation to the measured discharge obtained by

weighing each sample. The residual water content, the inverse of the air-entry value,
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and the pore-size distribution index was ineffective under fully saturated condition
(Table S3).

Based on the well simulated water flow (Figure S1) and the obtained soil hydraulic
parameters (6s and Kj), the longitudinal dispersivity (Dz, cm) was inversely solved by
fitting the advection-dispersion equation (Zhao et al., 2022) to the measured Br

breakthrough curve:

80sCpy 0%Cpy 9Cpr
6tB = 65Dy axf - ai €)
4
8,DY, = D,K, +6,D,, @)

where, Cp, is the bromide concentration in soil water (mmol/ml), ¢ is the time (min), x
is the vertical transport distance along the soil column (cm), D", is the dispersion
coefficient tensor for Br (cm?/min), g is the volumetric flux density (cm/min), Dy 5
(=1.89E-03 cm?/min) is the molecular diffusion coefficient of Br in free water (Yaws,
2009).

2.5 DNA tracer fate and transport modeling

Wang et al. (2022) recently proved that the two-site kinetic sorption model developed
by Schijven and Simunek (2002) implemented in HYDRUS (Simtinek et al., 2008)
could well capture the transport of free DNA tracer through loamy sand textured porous
media. Thus, based on the well simulated water flow and reference tracer Br, the two-
site kinetic sorption model in HYDRUS-1D is adopted here to simulate the fate and

transport of the T12 DNA tracer through the saturated soil column:

ac  pp (8S; S a%c ac
it et a) =D e VG O k(S k) ()
as
Pb a_; = Oskq1C — kq1Pp51 — UsPpSy (6)
as
Pb a—: = OskarC — ka2ppS2 — UsPpS2 ()
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8,0 = DK, +6./D,, ®)
where, C is the DNA concentration in the aqueous phase (copies/ml), S'is the DNA
concentration (copies/g) on kinetic sites (e.g. attached DNA molecules), given the
saturated condition of our study, porosity &s (m*/m?) is used to substitute the water
content & in Eqs. 5-8, p» is the dry bulk density (kg/m?®), D" is the dispersion coefficient
tensor of DNA (cm?/min), V=U/6; is the pore-water velocity (cm/min), Dy is the
longitudinal dispersivity (cm) inherited from the Br tracer, D,, is the molecular diffusion
coefficient of DNA in free water, 2.655E-06 cm?/min (Robertson et al., 2006). The first-
order degradation rate constants of the DNA in water () and attached to soil (us) were
found by trial and error. And the attachment and detachment rates of the two kinetic

sorption sites (kaz, ka2, kar and ka2) were obtained by fitting the model to the measured

DNA tracer breakthrough curve.

2.6 The domain setup and initial and boundary conditions

The 10 cm soil profile was divided into 0.1 cm intervals and one observation node was
set at the lower boundary (Figure S1a). The total simulation time was 60 min, and the
initial time step, the minimum time step and maximum time step were set to 0.01 min,
0.00144 min and 1 min, respectively.

Corresponding to the three stages of each experimental run (Figure 2), the numerical
simulation was also divided into three stages. In Stage 1, 0-60 s, the DNA tracer solution
was injected in t=0-2 s with a maximum ponded water of 0.7 cm (corresponding to the
5 ml tracer solution) until it fully infiltrated into the soil profile (Figure 2 Stage 1). In
this stage, the pressure head profile was changing and unknown. Thus, the water flow
was simulated to obtain the pressure head profile of the whole system from the moment

when the DNA tracer solution was applied until the moment when it just fully infiltrated

13
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into the soil, i.e., pressure head at the upper boundary is 0. Specifically, the upper

boundary condition was set to be an atmospheric BC with surface layer < 0.7 cm and

the lower boundary condition was set to be a constant pressure head of 0 (Figure S1a).
The atmospheric BC was set to be precipitation for 0-2 s to reflect the injection of the
tracer solution at a rate of 0.35 cm/s at the beginning of the experiment and then the
precipitation was set to zero for 2-60 s to describe the infiltration into the soil profile.
The water flow simulation of this stage provided the variable pressure head at the upper
boundary during 0-60 s (Figure S2a).

In Stage 2, 60-90 s, flood irrigation was added until 10 cm of ponded water was reached
(Figure 2 Stage 2). In this stage, the pressure head profile was also changing and
unknown. Thus, the water flow was simulated to obtain the pressure head profile of the
whole system from the moment when the irrigation and ponding started until the
moment when the ponded water reached a head of 10 cm. The initial pressure head of
the whole system during this stage was inherited from the last moment of the 0-60 s

(Stage 1) simulation. The upper boundary condition was set to be an atmospheric BC

with surface layer < 10 cm and the lower boundary condition was kept at a constant

pressure head of zero (Figure S1b). The atmospheric BC was set to be precipitation for
the times 60-90 s of the experiment at a precipitation rate of 0.36 cm/s, to describe the
experimental condition that in 60-90 s flood irrigation was imposed and reached a
ponding water depth of 10 cm. The water flow simulation of this stage provide the
variable pressure head at the upper boundary during 60-90 s (Figure S2b).

In Stage 3, 90 s-60 min, the system was maintained at steady-state (Figure 2 Stage 3),
a pressure head at the upper boundary of 10 cm was maintained, and the lower boundary
condition was free drainage. Thus, combining the three stages together, the upper

14
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boundary condition was set to a variable pressure head, which was obtained by the
simulation results of Stages 1 and 2 during 0-90 s and kept constant at 10 cm during 90
s-60 min (Figure S2c), and the lower boundary condition was free drainage throughout
the simulation (Figure S1c). For both the Br and DNA transport simulations, the upper
boundary was set to be a concentration flux while the bottom boundary was set to a
zero concentration gradient (Figure S1d). During 0-60 s during when the tracer solution
was injected and infiltrated into the soil, the concentration of Br and DNA in the
incoming water at the upper boundary was set to be the concentration of KBr and T12
DNA in the tracer solution as listed in Table 2, respectively. While from 60 s-60 min,
the concentration of Br and DNA in the incoming water at the upper boundary was set

to zero.

3. Results and discussion

3.1 Breakthrough curve and retention profile of DNA tracer

The cumulative discharge (R?=0.999 and NSE=0.999) of the 5 triplicated soil column
experiments were captured very well by the Richard’s equation (Figure S3). The

inversely solved best fit saturated hydraulic conductivity (Ky) of the 5 triplicated

experiments was 0.70+£0.02 cm/min (Table 4). The Br peaked at 7 min in all five

experiments, with a recovery rate of 97 % *6 % (Table 3) and the breakthrough curves

of Br were well captured by the advection-dispersion equation with R>=0.91-0.98 and
NSE=0.83-0.92 (Figure 3). Based on the well-captured water flow and Br breakthrough,
DNA tracer breakthrough curves were well captured too by the two-site kinetic sorption
model with R?=0.83-0.91 and NSE=0.79-0.89 (Figure 3). The R? and NSE of the two-
site kinetic sorption model simulating DNA tracer could not compete with R? and NSE
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334  of the advection-dispersion equation simulating Br, because the way the DNA
335  concentration was measured caused the data to scatter (Wang et al., 2022). Specifically,
336  each discharge sample was diluted by a factor of 1000, and then a 6 ul subsample was

337  taken from the 1000-fold diluted sample for DNA copy analysis. The measured DNA

338 copies were multiplied by 1000%x1000/6 = 1.7E+05 to obtained the original

339  concentration (copies/ml) of the sample. This means that any small error in diluting the
340 sample, taking the subsample, or during the qPCR analysis would be amplified by a
341  factor of 1.7E+05 in the measured DNA concentration.

342  Then, the two-site kinetic sorption model validated by the DNA tracer breakthrough
343  curves was used to reveal the dynamics of DNA tracer in the soil profile (Figure 4).
344  In Exp 1, the T12 DNA tracer was dissolved in a standard pH=8.0 TE buffer commonly
345  used for storing DNA (Nguyen and Elimelech, 2007; Sambrook et al., 1989) that was
346 injected into the soil together with a reference Br tracer, after which the field was flood
347  irrigated. The recovery rate of the free DNA tracer during the 1-hr experimental period
348  was only 4.9 % (Table 3).

349  Before exploring the adsorption/desorption rates and mechanisms, we need to exclude
350 the mass loss due to degradation from the total amount that did not pass through (1 -
351 4.9%=95.1%). As described in section 2.2, the soil was excavated from a watermelon
352  field, therefore the degradation rate of the free DNA tracer in soil pore water (uw) was
353 adopted from the degradation rate of extracellular DNA (eDNA) in agriculture soil
354  measured by Sirois and Buckley (2019). Specifically, assuming first-order degradation,
355  the degradation rate (uw) can be obtained from the data they provided as remaining 0.05 %
356  eDNA after 7 days via s = -In(0.05 %)/7/24/60 = 5.3E-04 min™'. This degradation rate
357  was equivalent to a mass loss of 3.1 % free DNA tracer in our 1-hr experiment. Wang

358 etal. (2022) proved that the degradation of the DNA tracer was inhibited once the DNA
16
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attached to the porous media at which point the model was insensitive to the
degradation rate of the DNA tracer mass fraction that attached to soil (us) as long as it
was one magnitude lower than u,. Thus, we set the z, to 5.3E-05 min!, one magnitude
lower than g, As a result, the DNA tracer retention mechanisms in the experimental
soil should explain the rest 1 - 4.9 % - 3.1 % = 92 % of injected mass.

The peak time of the breakthrough curve (11 min) was delayed by 4 min compared to
that of Br, and DNA tracer breakthrough curves generally had thicker tails than the Br
tracer (Figure 3a). When the DNA tracer fully infiltrated into the soil, the liquid-phase
DNA tracer concentration in the profile (Figure 4a; shadow region) peaked at 0.2 cm
at 1 min, after which the peak of the liquid-phase DNA tracer concentration kept
moving downward in the profile indicating the movement of the center of mass of the
dissolved DNA tracer. The liquid-phase DNA tracer concentration peaked at 0.8 cm at
1.5 min when the 10 cm pressure head was reached at the surface of the column. The
liquid-phase DNA tracer concentration peaked at 11 min at the bottom of the soil
column (10 cm depth) synchronous to the time when the DNA concentration peaked in
discharge (Figure 4a;). Overall, the attachment of DNA to kinetic site 1 (Figure 4bs)
followed the trend of the movement of the liquid-phase DNA tracer but was retarded
(Figure 4a1). The DNA attachment to the kinetic sorption site 1 peaked at 0.1 cm at 1
min (Figure 4bi), retarded by 0.1 cm compared to the liquid-phase DNA tracer
concentration (Figure 4a1). And the peak of the DNA attachment to the kinetic sorption
site 1 kept moving downward (Figure 4bs), peaking at 0.7 cm at 1.5 min when the 10
cm pressure head was fully established atop of the column. And then the DNA
attachment to the kinetic sorption site 1 peaked at 1.2 cm at 2 min (Figure 4bz, caught
up with the peak of liquid-phase DNA tracer concentration in the profile (Figure 4ay)),
and finally peaked at 11 min at the bottom of the soil column (10 cm depth, Figure 4b1)
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when the DNA concentration peaked in the discharge (Figure 3a). The decreased
adsorption from 60 s to 60 min (Figure 4b1) and the comparable attachment rate (ka1 =
13.8 min!) and detachment rate (ka1 = 14.7 min'') (Table 4) indicated that the Kinetic
sorption site 1 was a reversible adsorption site.

In contrast, the kinetic sorption site 2 was almost irreversible (ka2 = 0.687 min™!, kg2 =
7E-03 min™), as the attachment kept increasing after tracer injection, before a gradual
decrease was observed after the peak concentration was reached at 15 min (4 min after
the concentration peak of DNA tracer in discharge). Also, except for the first stage (0-
1 min), the attachment to the kinetic sorption site 2 was one to three orders of magnitude
higher than the attachment to the kinetic sorption site 1 (comparing Figure 4c>-cs with
Figure 4by-bs). Therefore, the retention of the DNA was dominated by the almost

irreversible kinetic sorption site 2.
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Figure 3. Observed and HYDRUS-1D simulated relative concentration of the reference

tracer Br (in blue) and DNA tracer (in red) from the 5 triplicated experiments. The dots
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399 demonstrate the average of the triplicated experiments, while the lines demonstrate the
400  model simulation.
401
402 Table 3. The peak time (min), relative peak concentration (Cmax/Co) and tracer mass
403  recovery (%) in each triplicated experiment.
Experiment Tracer Peak time Peak concentration Mass recovery
P (min) (Cmax/Co) (%)
Br 7 0.29+0.04 96+8.5
Exp1l
DNA 11 0.0035+0.0013 4.9+1.6
Br 7 0.29+0.04 96£8.5
Exp 2
DNA 10 0.009210.0045 13.3£2.3
Br 7 0.28+0.08 88+4.1
Exp 3
DNA 8 0.066+0.013 21.8+0.5
Br 7 0.29+0.022 10048.1
Exp 4
DNA 8 0.13+0.024 36.0£2.3
Br 7 0.41+0.044 105+1.1
Exp5
DNA 8 0.26+0.068 55.312.9
404
405 Table 4. Water flow, reference tracer Br and DNA tracer transport simulation
406  parameters.
Ks DL ka2 kd2 kal kdl 2
Tracers  covmin® (cm)® (minde  (minde  (mind)e  (minye NSE
Exp 1 Br 0.68 0.149 - - - - 0.96 0.90
PL bna 0.68 0.149 0.687 7E-03 13.8 14.7 0.84 0.82
Exp 2 Br 0.68 0.149 - - - - 096 0.90
P DNA 068 0149 0533 7E-03 109 154 088 0.79
Exp 3 Br 0.71 0.149 - - - - 098 091
P DNA 0.71 0.149 0.288 3.4E-03  6.83 18.28 091 0.89
Br 0.69 0.149 - - - - 091 0383
Exp 4
DNA 0.69 0.149 0.147 1.2E-03 553 2247 0.89 0.89
Exn 5 Br 0.71 0.11 - - - - 094 0.92
P> DNA 071 011 0095 9E-04 483 2539 083 0.82
407 K is the saturated hydraulic conductivity, Dy is the longitudinal dispersivity, ka and kg
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408
409
410
411
412
413
414

are attachment and detachment rate coefficients, respectively, and subscripts 1 and 2
referring to the two Kkinetic sorption sites.

dParameter is inversely solved by fitting to measured discharge.

b parameter is inversely solved by fitting to measured reference tracer Br
breakthrough curve.

¢ Parameters inversely solved by fitting to measured DNA tracer breakthrough curve.
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Figure 4. Simulated dynamics of the DNA tracer in the soil profile of Exp 1-5. The left
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column is the relative concentration of DNA in liquid-phase (C/C,), the middle column
is the relative concentration of DNA adsorbed to the kinetic sorption site 1 (adsorbed
C/C,), and the right column is the relative concentration of DNA adsorbed to the kinetic
sorption site 2 (adsorbed C/C,). The inset plots demonstrate the very low C/C, values

which would be hard to see in the soil profile plots.

3.2 The role of cation bridges

In Exp 2 all the condition were kept the same as in Exp 1, but 1) the concentration of
Tris was increased in the tracer solution from 0.01 M to 0.1 M and the concentration of
Tris in the Tris buffer was increased from 0.01 M to 0.05M (which is the standard
concentration of the Tris-HCI buffer), and 2) the concentration of EDTA in the tracer
solution was increased from 0.001 M to 0.1 M (Table 2). Increasing the concentration
of Tris was to maintain the pH stable at 8.0. While increasing the concentration of
EDTA was to fully chelate the multivalent cations and reveal the role of cation bridging.
The peak time of DNA in Exp 2 was 1 min ahead of that of Expl, the relative peak
concentration of DNA (Cmax/Co) was increased 2.6-fold, and the DNA mass recovery
was increased 2.7-fold (Figures 2a and 2b and Table 3). In comparison to Exp 1, the
liquid-phase DNA tracer concentration increased by 16 % (Figures 4a; and 4a> shadow
area) when the DNA tracer fully entered the soil at 1 min. Meanwhile, the attachment
to the kinetic sorption site 1 and 2 decreased by 13 % (Figure 4bz; and 4b, shadow area)
and 12 % (Figure 4cyand 4c. shadow area), respectively. And kqi/ka1 was increased from
1 (Exp 1) to 1.5 (Exp 2) and ka2 decreased from 0.687 min™ (Exp 1) to 0.533 min* (Exp
2). These can be explained by the two roles of EDTA: its ability to inhibit adsorption
by breaking down cation bridges and inhibiting degradation by hiding the Mg?* from
Dnase I. The multivalent cations that could potentially form cation bridges between the
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442  negatively charged DNA and the negatively charged tetrahedral silica layer on the clay
443  surface was chelated by EDTA, resulting in inhibited adsorption of DNA. Also, EDTA
444  chelated the Mg?* which is required for the DNase | to decay DNA, and inhibited
445  degradation (Liang and Keeley, 2013). Thus, the mass recovery increased from the
446  baseline 4.9 % in Exp 1 to 13.3 % in Exp 2 due to the inhibited mass loss (due to
447  degradation, estimated to be 3.1 %) and the inhibited adsorption by cation bridges (13.3 %
448 -4.9% - 3.1 % = 5.3 %). The degradation of the free DNA tracer in Exp 2-Exp 5 was
449  inhibited by the high concentration of EDTA in the tracer solution.

450

451 3.3 The role of ligand exchange

452  In Exp 3 all conditions were kept the same as in Exp 2, except 0.1 M of NaaHPO4 was
453  included in the tracer solution. Compared to Exp 2, the liquid-phase DNA tracer
454  concentration increased by 35 % after the tracer had fully entered the soil after 1 min
455  (Figure 4az-a3 shadow region), and the attachment to the Kinetic sorption site 1 and 2
456  decreased by 29 % (Figure 4b.-bs shadow region) and 30 % (Figure 4c>-c3 shadow
457  region), respectively. The peak concentration of DNA increased 8-fold, and the mass
458  recovery of DNA doubled (from 13.3 % to 21.8 %) (Figure 3c). The free phosphate
459  provided by the Na,HPOq is 6 orders of magnitude greater than the phosphate groups
460  that occur in the 88 nt SSDNA tracer molecules (Table S2). Thus, the free phosphate in
461  the injection solution competed with the phosphate groups of the DNA tracer and
462  occupied the adsorption sites on the edges of clay minerals, inhibiting the adsorption of
463  DNA, which is consistent with the finding of Saeki et al. (2010). The inversely solved
464  Kai, ka2 and kg1 captured well the peak timing and Cmax, the kg1 (18.28 min')/ka1 (6.83
465  min™t) of Exp 3 was about 3, and ka2 was significantly decreased from 0.533 min* (Exp

466  2) to 0.288 mint (Exp 3). While kg2 captured well the tailing part, which decreased
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from 7E-03 min (Exp 2) to 3.4E-03 min* (Exp 3).

In Exp 4 the concentration of NaHPO4 was further increased to 0.5 M. Consequently,
the liquid-phase DNA tracer concentration further increased by 7 % at 1 min (Figures
4a3 and 4a4 shadow region), and the DNA attachment to the kinetic sorption site 1 and
2 further decreased by 26 % (Figures 4bz and b4 shadow region) and 44 % (Figures 4cs
and 4cs4 shadow region), respectively. As a result, the peak concentration of DNA
doubled and mass recovery increased further from 21.8 % to 36.0 %, but the marginal
effect of adsorption site occupation decreased. This means that there must be a limit to
the ability of the Na2HPO4 phosphate to block attachment sites for the DNA. The Kqz
(22.47 min)/ka1 (5.53 mint) continued to increase to 4, and ki, decreased from 0.288
mint (Exp 3) to 0.147 min (Exp 4), as more phosphate occupied the adsorption and
inhibited DNA adsorption. Note that the s becomes 0.46 due to some dispersion of soil
particles.

Similarly, in Exp 5 the 0.5 M of Na,HPO4 was replaced by 0.1 M (NaPOzs)s, which
increased the DNA recovery rate from 36.0 % (Figure 3e) to 55.3 % (Figure 3f), further
confirming the effect of adsorption site occupation and competition, as 0.1 M (NaPO3)e
could ideally provide 0.6 M phosphate. The DNA attachment to the two kinetic sorption
sites was even less than observed in Exp 4. The attachment to the kinetic sorption site
1 and 2 decreased by 15 % (Figures 4bs and 4bs shadow area) and 30% (Figures 4cs
and 4cs shadow area), respectively. And the detachment rate of DNA from the
reversible sites was increased from 22.47 min™' to 25.39 min™!, the kg1 (25.39 min™)/ka
(4.88 min) continued to increase to 5 and the attachment rate to the irreversible
sorption site decreased from 0.147 min™ to 0.095 min, which further confirmed the
effect of adsorption site occupation and competition. Admittedly, the initial
concentration of Exp 3-5 is more than that of Exp 2 (Table 2), but the phosphate groups
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increased by this initial concentration increase was 6 orders of magnitude less than the
free phosphate increased by adding Na;HPO4 or (NaPOz3)e (Table S2) and could be
safely neglected. In addition, (NaPOs)s is a dispersant that can be destructive to soil.
We did see a small amount of soil particles being dispersed and break through the filter
paper, which was collected in the sampling tubes. This means that the 0.1 M (NaPOz3)s
was more than enough to release the DNA retained by ligand exchange, which takes up
42.0 % of the total injected mass (subtracting the mass recovery of Exp 2 from that of
Exp 5).

3.4 The role of other mechanisms

The rest of the DNA that could not be released by the 0.1 M (NaPOz3)s (44.7 %,
subtracting the mass recovery of Exp 5 from the unity) is likely retained by other
possible retention/adsorption mechanisms, such as Van der Walls interactions (mainly
hydrogen bond), electrostatic forces, and straining. The pH of the experimental system
was controlled at 8.0 to exclude the effect of pH on electrostatic forces and to keep the
electrostatic force at the same level for all the experiments. The presence of layer
silicate clays, including illite and smectite in the experimental soil, likely caused the
chemisorption of both anions and cations (McBride, 1994), including the negatively
charged free DNA tracer. We also note that although the clay particles took up over
97.70 % by surface area, there were sand and silt particles present in the soil as well.
The mineral composition of the soil (Table S1) indicated that the sand and silt particles
contained AlbO3; and Fe;Os which are positively charged and could adsorb the
negatively charged DNA tracer molecules according to the findings of Zhang et al.

(2021).
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4. Conclusions

Although synthetic DNA tracers have unparalleled advantages in tracking the
connectivity between multiple sources and multiple sinks at very low detection limit,
the application of DNA tracers to real soil textured systems is still at the pioneer stage
due to the large size of encapsulated DNA tracers, its fast degradation, and strong
adsorption to solid interfaces. Until recently, Wang et al. (2022) proved using both
experiments and model simulations that free DNA tracers are a valuable tracer that can
be used to describe transport in packed real soil textured porous media. Based on the
combination of experimental data and numerical modeling using a two-site kinetic
sorption model we can make the following conclusions: 1) the adsorption of the
synthetic unencapsulated free ssSDNA tracer (88 nucleotides) was dominantly to clay
particles in the real soil, which took up 1.96 % by volume, but took up much more than
97.70 % by surface area; and 2) at a pore water pH of 8.0, excluding the 4.9 % passing
through and 3.1 % degradation amount, the main retention mechanisms in the
experimental soil were ligand exchange (42.0 %), Van der Waals interactions (mainly
hydrogen bonds) electrostatic forces and straining (together 44.7 %), and cation bridge
(5.3 %). The adsorption mechanisms of a free DNA tracer in real soil revealed it could
facilitate the application of free DNA to trace vadose zone water flow and solute/
contaminant transport under flood irrigation and other infiltration conditions. For future
studies, it 1s recommended to differentiate between Van der Waals interactions (mainly
hydrogen bonds), electrostatic forces and straining by considering surface roughness,

particulate composition, and mineral composition of soil particles.

Supporting Information

Figure S1, Figure S2, Figure S3, Table S1, Table S2, Table S3
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