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eLife Assessment

This valuable study introduces an innovative experimental design to address a crucial
and timely issue in microbial ecology: the potential bias in soil microbial community
analyses caused by extracellular DNA degradation. The work contributes to the field by
providing convincing evidence that variable extracellular DNA degradation rates impact
microbial ecology studies. This research will appeal to microbial ecologists and
researchers interested in using molecular techniques to evaluate microbial community
structure.

https://doi.org/10.7554/eLife.110251.2.sa3

Abstract

While extracellular DNA persistence substantially influences soil microbiome investigations, its
degradation kinetics remain poorly quantified. Here, we developed a primer-labeled DNA
approach coupled with microcosm incubation to determine the overall and sequence-specific
degradation rates of extracellular DNA amplicon fragments across China. We observed substantial
variations in the overall degradation rates of extracellular 16S rRNA gene amplicon fragments
among the study sites, with degradation rate constants ranging from 0.05 to 0.16 day ™. The overall
degradation rate constants showed significant correlations with soil moisture content, prokaryotic
abundance, prokaryotic community profiles, and mean annual precipitation (MAP). The
significant influences of moisture content on the overall degradation rates were further verified
by a moisture gradient microcosm experiment. The sequence-specific degradation rate constant
profiles were additionally correlated with pH, nitrogen content, and mean annual temperature
(MAT). Furthermore, propidium monoazide (PMA)-based exclusion of extracellular DNA signals
significantly altered soil prokaryotic abundance, richness, and prokaryotic community profiles,
and the pool sizes of sequence-specific extracellular 16S rRNA gene amplicon fragments were
significantly correlated with their respective degradation rates. This study developed a
methodology for determining the overall and sequence-specific degradation rates of extracellular
DNA amplicon fragments, highlighting the profound influences of extracellular DNA on soil
microbial research and informing the optimization of environmental DNA technologies.
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1. Introduction

The investigation of soil microbial abundance and diversity heavily relies on DNA-based
technologies, such as real-time PCR, high-throughput amplicon sequencing, and metagenomic
analysis (Che et al., 20182 ; Du et al., 20202 ; Yang et al., 2023 2). Soil DNA originates from both
living and relic microbial cells, with the DNA from deceased microbial cells commonly referred to
as relic or extracellular DNA (eDNA) (Ye et al., 2022 (4). EDNA serves as a critical vector for
horizontal gene transfer (HGT), facilitating the uptake of genetic material by competent
microorganisms and promoting the spread of functional traits such as antibiotic resistance (Liu et

al (3). In addition, eDNA participates in soil biogeochemical cycling because its enzymatic
degradation releases bioavailable nutrients, particularly phosphorus and nitrogen, which can be
reused by soil microorganisms (Ye et al., 2022 (2 ). Moreover, the prevailing paradigm of total DNA
extraction in soil microbiome studies introduces eDNA as a critical noise factor. Generally, its
environmental persistence can lead to overestimation of microbial diversity in amplicon
sequencing (Barnes et al., 2014 ; Wang et al., 20257 ; Xue et al., 2025(2) and distort qPCR-based
quantification of marker genes (Carini et al., 2016 (3 ; Sun and Ge, 2023 ; Wang et al., 2024a(%). A
model simulation study showed that the extent of this influence is primarily determined by the
abundance and sequence-specific degradation rates of eDNA (Lennon et al., 2018 %). Therefore,
determining the overall and sequence-specific degradation rates of soil eDNA can provide crucial
insights into evaluating the effects of eDNA on soil microbial analyses and the reliability of

research based on environmental DNA technologies.

The overall degradation of soil eDNA have received significant attention due to their crucial roles
in nutrient cycling, and horizontal gene transfer (Nagler et al., 2018%). Early studies mainly
assessed eDNA persistence and degradation using PCR, DNA hybridization, radioisotope labeling,
and competent cell transformation techniques (Paget et al., 1992 & ; Zhang et al., 20202 ; Samuels
et al,, 2025 (3). These investigations consistently demonstrated that eDNA can persist in soils for
months to years (Barnes et al., 20142 ; Pathan et al., 2020 (%), maintaining its capacity to
transform competent cells (Levy-Booth et al., 2007 3 ; Pietramellara et al., 20097 ). Most of these
studies primarily concentrated on assessing the risks associated with transgenic technologies,
narrowly examining the degradation dynamics of DNA sequences related to such technologies.

Consequently, the insights they provided were usually qualitative or semiquantitative (Morrissey

recently, there has been a notable shift towards quantification, and the dynamics of soil eDNA
were quantified in many studies (Eichmiller et al., 2016 (2; Wei et al., 2018 (). For instance, the
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degradation rates of soil eDNA were quantified using real-time PCR with specific plasmid labels
such as T7 and SP6 promoters (Ceccherini et al., 20097 ). Another study simultaneously
determined the dynamics of both soil microbial community and eDNA by adding 16S rRNA gene
primer labels to exogenous DNA (Sirois and Buckley, 2019 ). Moreover, stable isotopic probing
was also utilized for determining the degradation rates of soil eDNA (Morrissey et al., 2015(%).
However, most quantitative approaches have remained restricted to single or highly specific DNA
targets (e.g., transgenic sequences), thereby overlooking sequence-specific variation in soil eDNA
degradation rates (Pietramellara et al., 2009 3; Sirois and Buckley, 2019 ; Wang et al., 2019®).

In this study, “sequenceLspecific degradation” refers to statistically significant differences in
firstLorder degradation rate constants (k, dayL!) among distinct 16S rRNA gene amplicon
sequence variants (ASVs) under identical soil and incubation conditions. The potential variations
in sequence-specific eDNA degradation rates can be attributed to several factors. First, sequence-
dependent degradation can arise from differences in nucleotide composition, particularly GC
content. This influences the thermodynamic stability and base-stacking interactions of the DNA
duplex, thereby altering its accessibility to extracellular nucleases (Marrone and Ballantyne,

2008 2 ; Wolpe and Guertin, 2022 ). Second, local conformational features and the formation of
potential secondary structures, such as stem-loops or hairpins, can create steric hindrance that
protects the phosphodiester backbone. Differences in base composition also alter the elemental
stoichiometry (e.g., C:N ratio) of DNA molecules, potentially affecting microbial preference for
recycling specific sequences as nutrient sources (Cai et al., 2006a 2 ; Buitrago et al., 2021 ). Third,
the persistence of soil DNA can be mainly attributed to its adsorption and protection by minerals
and humus in soils (Cai et al., 2006b % ; Vuillemin et al., 2017 &2; McKinney and Dungan, 2020 2).
Thus, sequence-dependent differences in the physicochemical behavior of DNA molecules,
including their affinity for soil minerals and organic matter, may also contribute to variation in
degradation rates among sequences (Levy-Booth et al., 2007 (2 ; Morrissey et al., 2015).
Consequently, we proposed three central hypotheses. (1) The degradation rates of eDNA amplicon
fragments were expected to be highly sequenceLspecific. (2) The rates and patterns of eDNA
fragments degradation would be influenced by environmental factors such as temperature and
moisture content. (3) The sequenceLspecific degradation of extracellular 16S rRNA gene amplicon
fragments would significantly influence estimates of soil prokaryotic abundance and diversity.

To test these hypotheses, we investigated the overall and sequence-specific degradation rates of
soil extracellular 16S rRNA gene amplicon fragments and the factors influencing these rates.
Additionally, the effects of extracellular 16S rRNA genes on soil prokaryotic community analysis
and their relationships with the overall and sequence-specific degradation rates were determined.
Soil samples were collected from 30 representative ecosystems across China. A new methodology,
involving the addition of exogenous 16S rRNA gene amplicon fragments tagged with specific
primers, microcosm incubation, real-time PCR, and amplicon sequencing, was developed to
determine the overall and sequence-specific degradation rates of soil extracellular 16S rRNA gene
amplicon fragments. We employed 16S rRNA gene amplicon fragments as the standardized and
trackable model substrate because the 16S rRNA gene is one of the most extensively used
molecular markers in microbiome research (Knight et al., 2018 3; Du et al., 2025 ().

2. Results

2.1. The overall degradation rate constants of soil extracellular 16S
rRNA gene amplicon fragments

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH F)Ltagged 16S rRNA gene amplicon
fragments were consistently detectable throughout the 48-day incubation period, but their
abundance rapidly declined as the incubation progressed (Fig. 1aC, P < 0.05). After 48 days of
incubation, 0.2-3.1% of the initially spiked GAPDH FLtagged 16S rRNA gene amplicon fragments
persisted in the soils (Fig. 1a(@). The degradation rate constants of the spiked extracellular 16S

rRNA gene amplicon fragments displayed considerable variability among the study sites, ranging
from 0.05 to 0.16 day ! (Fig. 1b ). Furthermore, we found that degradation rate constants differed
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exhibited significantly higher degradation rates than grassland soils (P < 0.05). Random forest
modeling revealed that soil moisture content, prokaryotic abundance, and prokaryotic community
profiles were critical predictors for the overall degradation rate constants of extracellular 16S
rRNA gene amplicon fragments, and they all showed significant positive correlations (Figs. 1d &

indicated that the overall degradation rate constants of 16S rRNA gene amplicon fragments were
mainly directly affected by prokaryotic abundance, which was indirectly influenced by soil
moisture (Fig. 1e@). In the moisture gradient microcosm experiment, we also observed a strong

positive correlation between soil moisture content and the overall degradation rates of
extracellular 16S rRNA gene amplicon fragments (Fig. 1f2).

2.2. The sequence-specific degradation rate constants of the
extracellular 16S rRNA gene amplicon fragments

The richness of the GAPDH FLtagged 16S rRNA gene amplicon fragments significantly decreased
during the incubation period, declining to approximately 60% of the initial values after 48 days
(Fig. 2a@). The prokaryotic community profiles based on the GAPDH FLtagged 16S rRNA gene
amplicon fragments also exhibited significant variations across different incubation time points
(Figs. 2b @ and S2 @), and community-profile similarities declined more strongly with increasing
incubation intervals (Fig. S3(%). These findings suggest sequence-specific differences in
degradation patterns among ASVs. Indeed, the degradation rate constants for different
extracellular 16S rRNA gene amplicon fragments were within 0.40 day™, with most ranging
between 0.06 and 0.12 day™ (Fig. 2c@). For example, many sequences assigned to Proteobacteria
had significantly higher degradation rate constants than those assigned to Acidobacteriota,
whereas Methylomirabilota showed intermediate degradation rate constants (Fic
sequence-specific degradation rate constant profiles of the extracellular 16S rRNA gene amplicon
fragments also showed significant correlations with multiple environmental factors, including soil

moisture, mean annual temperature (MAT), mean annual precipitation (MAP), soil pH, as well as

However, no significant relationships were found between the degrdation rates and the GC
content of the representative sequences (Fig. S4%). Further analysis suggested that the
degradation rate constants of extracellular 16S rRNA gene amplicon fragments of the dominant
phyla showed similar correlations with the environmental factors, and MAT was identified as the

strongest predictor for them (Fig. S5).

2.3. The influences of extracellular 16S rRNA genes on soil
prokaryotic community analysis and their links with the
degradation rates

Based on the PMA treatment, we observed significant effects of extracellular 16S rRNA genes on
the analysis of soil prokaryotic abundance and diversity (Figs. 42 and 5 (%). The PMA treatment
revealed that intact cells accounted for approximately 40% (range: 9-73%) of the total 16S rRNA
gene copies. In contrast, over 80% (range: 27-97%) of the observed ASV richness was associated
the PMA-treated prokaryotic communities was significantly lower than that of the total
prokaryotic community (Fig. 4c ). Furthermore, significant differences were found between the
profiles of total and PMA-treated prokaryotic communities, especially in the forest and cropland
ecosystems (Figs. 4d-f(% and S6 (7). The Bray-Curtis dissimilarity between the intact cells and the
total prokaryotic community was approximately 52.8% (Fig. 4f2). For instance, Abditibacteriota,

Bacteroidota, Nitrospirota, Fibrobacterota, Entotheonellaeota, Elusimicrobiota, and
Armatimonadota were significantly enriched in the total prokaryotic community, whereas

Li et al., 2026 eLife 15:RP110251. https://doi.org/10.7554/eLife.110251.2 4 of 58


https://doi.org/10.7554/eLife.110251.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/ecology

Ecology

A

=
g (a) 8~
2@ 120 Time* =5 HGrasslands
5 380 Deserts
8 ~ g% Croplands
23 B Forests
52 100 52
& &y =&
s 2 & o0
< 2E& o
:é —
83 0 LH g5
R g 2 0.05-
<2 60 g
3 . b
g = =
5 : S 00
_“=’ ! 3 : . 2% i 5 - S1 S5 S10 Sis S20 $25 S30
= Incubation time (day) Site
(d)
c )
© o N
*x

PCoAl -

*

MAP.
0.12 i .o Altitude -

N
b
2

Overall degradation rates of soil extracellular
16S rRNA gene amplicon fragments (day™)

. MAT- ns

b ab
0.10 . ] K P s

" ™ - ns
0079 . Richness- [ ns

- pcor2 [ s
soc. | ns
Grassland Desert Cropland Forest 0 3 6

9
Ecosystem types The increase in mean squared error (%)

(e) O]

R=0.75,P<0.01

Moisture | o
'f"’//" olsture | o151 R=085P<001 .
N
P 10.192 B
ko
[ MAT 0.751 PCoAl ]‘_0.1_03_ Abundanc# o0 # DSB
F # KY

I

=3

b
LLBLAL

16S rRNA amplicon fragments (day™')

The degradation rates of soil extracellular

Fisher.C =5.00 df=4 P=0.287

R?=0.46 AIC=75.636 .
0 25 50 75 100

The moisture content of soil (%)

o
=3
=1

Fig. 1. The overall degradation rates of soil extracellular 16S rRNA gene amplicon fragments and their
influential factors.

(a) The GAPDH F-tagged 16S rRNA gene amplicon fragment abundance at different incubation time points. (b) and (c) The
degradation rate constants of soil extracellular 16S rRNA gene amplicon fragments across the study sites and different
ecosystem types. (d) The factors influencing extracellular 16S rRNA gene degradation rates. (e) The influencing factors for the
overall degradation rates of soil extracellular 16S rRNA gene amplicon fragments revealed by structural equation modeling.
Orange and green lines indicate positive and negative relationships, respectively. Solid and dashed lines indicate significant
and non-significant relationships, respectively. Path coefficients are denoted by numbers adjacent to the arrows, with arrow
width reflecting their strength. (f) The influence of soil moisture on the degradation rates of soil microbial eDNA. Significance
levels are indicated as follows: * P < 0.05, ** P <0.01, and *** P <0.001. Moisture: soil moisture content; Abundance:
prokaryotic abundance; NMDS1: the scores at the first axis of the NMDS ordination of prokaryotic community profiles; MAP:
mean annual precipitation; Richness: soil prokaryotic richness; NMDS2: the scores at the second axis of the NMDS ordination
of prokaryotic community profile; TK: soil total potassium contents; MAT: mean annual temperature; AP: soil available
phosphorus content; TN: soil total nitrogen contents; and TOC: soil total organic carbon content.
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Fig. 2. The sequence-specific degradation rates of soil exogenous extracellular 16S rRNA gene amplicon
fragments.

(a) Soil GAPDH F-tagged 16S rRNA gene richness. (b) The nonmetric multidimensional scaling (NMDS) ordination of the
community profiles based on GAPDH FLtagged 16S rRNA gene amplicon fragments at different incubation time points. (c)
The number of GAPDH F-tagged 16S rRNA gene ASVs within different degradation rate ranges.
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Fig. 3. The difference in sequence-specific degradation rates of soil extracellular 16S rRNA gene amplicon
fragments and their influencing factors.
(a) The paired comparison of degradation rates among different ASVs. In the heatmap, each cell represents a pairwise
comparison between two ASVs. Blue indicates that the degradation rate of the ASVs listed in the row (row ASVs) is
significantly lower than that of the ASVs listed in the column (column ASVs); red indicates that the row ASVs has a significantly
higher degradation rate than the column ASV. A positive t value indicates that the row ASVs degrades significantly faster than
the column ASVs; a negative t value indicates the opposite. Significance levels are indicated as follows: * P < 0.05, ** P < 0.01,
and *** P < 0.001. (b) The relationships between the sequence-specific degradation rate profiles and environmental factors.
NO5™-N: soil NO3™N contents; NH,*-N: soil NH,*-N contents; TN: soil total N contents; TP: soil total P contents; TK: soil total K
contents; AP: soil available P contents; TOC: soil total organic carbon content; MAT: mean annual temperature; and MAP:
mean annual precipitation.
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microbial taxa, such as Proteobacteria, Acidobacteriota, and Chloroflexi showed no significant
differences between the total and PMA-treated prokaryotic communities (Fig. 5a ). Additionally,
the correlations with environmental factors were stronger for the total soil prokaryotic
community structure than the PMA-treated community structure (Fig. 5b 2). Total prokaryotic
community structure was significantly correlated with soil pH, total potassium (TK), NH,*-N, MAT,
and MAP. However, the PMA-treated prokaryotic community structure was only significantly

correlated with soil pH, MAT, and MAP (Fig. 5b (2).

Interestingly, a significant negative correlation was observed between the total prokaryotic
community structure and the degradation rates of extracellular 16S rRNA gene amplicon
fragments. However, no significant relationship was observed for the PMA-treated prokaryotic
communities (Fig. 5b ™). The relationships between extracellular 16S rRNA gene pool sizes and

Moreover, most study sites exhibited significant positive correlations between sequence-specific
degradation rates and the pool sizes of soil extracellular 16S rRNA genes (Fig. S1g ). Additionally,
there were significant correlations between the differences in relative abundance of taxa in the
total and PMA-treated prokaryotic community and the sequence-specific degradation rates; but

these relationships varied across the study sites (Fig. S1g(®).

3. Discussion

In this study, we found that extracellular 16S rRNA gene amplicon fragments persisted in soils for
at least several weeks and the degradation rate constants ranged from 0.05 to 0.16 day L. The
degradation rate constants of soil eDNA based on plasmid and stable isotope labelling microbial
genomes were usually 0.03-0.14 day'1 (Morrissey et al., 2015 @ Sirois and Buckley, 2019 (% ; Wang
et al., 2019 (@), which is consistent with our results. Therefore, the PCRLgenerated DNA fragments
provide a standardized substrate for quantifying the degradation kinetics of added DNA under
controlled conditions, offering a useful proxy for eDNA turnover. Additionally, substantial
variations in the overall degradation rates of added exogenous eDNA amplicon fragments were
also observed in this study, which can be mainly elucidated in the following ways (Fig. 1a and

etal., 2024 (%; Tan et al., 2025 (@), differences in microbial abundance among study sites could
make a substantial contribution to the variations in the overall degradation rates. Second,
different soil microbial taxa play diverse roles in eDNA degradation. In this study, there were
considerable discrepancies in soil community profiles across study sites, providing another
plausible explanation for the differing degradation rates of eDNA. Third, environmental factors,
including soil moisture, pH, and temperature, can predominently govern enzymatic reaction rates
(He et al., 20242 ; Shah et al., 2024 ). Indeed, strong positive correlations were observed between

degradation rates and persistence patterns of eDNA fragments, with soil moisture emerging as a
particularly important driver. This finding further suggests that dryland soils may be particularly
susceptible to eDNA persistence, potentially increasing the risk of overestimating microbial
abundance and diversity in arid ecosystems (Carini et al., 2016 &3; Lennon et al., 2018 %).

Consistent with our first hypothesis, we observed that the degradation of soil eDNA amplicon
belonging to Proteobacteria exhibited a significant faster DNA degradation rate than those of
Acidobacteriota (Fig. 3a(2). The sequence-specific degradation of the eDNA amplicon fragments
can be interpreted from multiple perspectives. First, the variation in the number and position of
restriction enzyme cutting sites for different sequences could be a critical reason for the sequence-
specific degradation rates of eDNA (Brown, 2020 (3). Second, sequence differences could also

influence the spatial structure and mineral adsorption of DNA fragments (Cleaves II et al., 2011;
Buitrago et al., 2021 @), indirectly affecting the sequence-specific degradation rates. Third,

Li et al., 2026 eLife 15:RP110251. https://doi.org/10.7554/eLife.110251.2 8 of 58


https://doi.org/10.7554/eLife.110251.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/ecology

7y elLife el

z | @ gl ©® ©
¢ 12 Hookok
[ ook o= - 3 *
2 J g
54 26 g
5 2 2
- 11 = =
= 9 s
=} k= =2 —
2 5 3
< z 4 2
> 3]
g s S 6
& 10 3 g
<ZC £ 2 e
[~ H [-»
S
2 | | .
PMA-untreated PMA-treated PMA-untreated PMA-treated PMA-untreated PMA-treated
(d) ® Difference (e) A b H :
4 Stress = 0.107, P <0.05 . .
1 ‘?0.8 .
® 4 2 =

L sAsR E

= . S o LY 7

I o oB0 | B

&, % A AS* 3

= £

% | 2] 3 % 306

k) i’ . -1 A A l .

ol ° g =

J o & .
, N APMA-treated 051 1. . | ¢
0 u -2 A [ ] PMA-uRtreated . . N .
o L) 2 4 0 0 1 bR Grassland Desert ~ Cropland ~ Forest
log2FoldChange NMDS 1 Ecosystem types

Fig. 4. The differences in the abundance, richness, Shannon, and community composition between total
and PMA-treated soil prokaryotes.

(a) The abundance of total and PMA-treated soil prokaryotes. (b) and (c) The richness and Shannon index of total and PMA-
treated soil prokaryotes. (d) The differences between the relative abundance of total and intracellular ASVs. The red points
represent the prokaryotic taxa exhibiting statistically significant differences. (e) The nonmetric multidimensional scaling
(NMDS) ordination of total and PMA-treated soil prokaryotes. Different colors represent samples from different sites. (f) The
Bray-Curtis dissimilarity between total and PMA-treated soil prokaryotes.
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Fig. 5. Effects of eDNA exclusion on soil prokaryotic community composition and its relationships with
environmental factors.

(a) The taxa with significant differences between total and intact cell prokaryotic communities. P1: Thermoplasmatota; P2:
Nitrospirota; P3: Fibrobacterota; P4: Entotheonellaeota; P5: Elusimicrobiota; P6: Armatimonadota; P7: Myxococcota; C1:
Thermoplasmata; C2: Nitrospiria; C3: Vampirivibrionia; C4: Clostridia; C5: Bacilli; C6: Armatimonadia; C7: Chthonomonadetes;
C8: Polyangia; C9: Blastocatellia; C10: Parcubacteria; C11: Bacteroidia; C12: Thermoleophilia; O1: Nitrospirales; 02:
Abditibacteriales; O3: Clostridiales; O4: Bacillales; O5: Armatimonadales; O6: Pyrinomonadales; O7: Bryobacterales; O8:
Chitinophagales; 09: Rubrobacterales; 010: Propionibacteriales; and O11: Corynebacteriales. (b) The relationships between
soil prokaryotic community profiles and environmental factors. NO3™-N: soil NO3™-N contents; NH,"-N: soil NH,*-N contents;
Moisture: soil moisture content; MAT: mean annual temperature; MAP: mean annual precipitation; TP: soil total P contents;
TK: soil total K contents; and TOC: soil total organic carbon contents.

Li et al., 2026 eLife 15:RP110251. https://doi.org/10.7554/eLife.110251.2 10 of 58


https://doi.org/10.7554/eLife.110251.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/ecology

7 eLife Fele”

microbes might preferentially degrade and recycle the abundant DNA sequences present in their
habitats. Thus, the sequence-specific degradation rates could also be ascribed to the varied
abundance of different eDNA amplicon fragment sequences (Finkel and Kolter, 2001 ). This
assertion is further evidenced by the generally observed positive correlations between eDNA
abundance and degradation rates (Fig. S12). We also examined whether GC content could explain

suggesting that simple base composition is not the primary driver in this study. However, this does
not exclude the possibility that higherLorder structural features (e.g., hairpin loops) or

structural elements. As observed in this study, the differential sequence-specific degradation rates
also led to significant alterations in the community profiles based on the exogenous extracellular
16S rRNA genes (Fig. 2a and b (2). Additionally, this study essentially determined the effects of
DNA sequences on the extracellular 16S rRNA gene amplicon fragments degradation rates.
However, actual sequence-specific degradation rates of extracellular 16S rRNA genes can be
additionally influenced by the varying degrees of protection offered by cell residuals from
degradation rates of extracellular 16S rRNA genes should be even more significant than those
observed in this study. This can be one of the main reasons for the influences of eDNA on the
analysis of soil microbial community profiles (Lennon et al., 2018 2).

Accordingly, we further explored how eDNA may influence prokaryotic community analyses using
PMA treatment, and significant disparities were observed between the profiles of the total and
PMA-treated soil prokaryotic communities (Fig. 42). The differences between total and PMA-
treated community profiles can arise from multiple factors. As mentioned above, the disparities
can be ascribed to the differential sequence-specific degradation rates of eDNA. Additionally, these
differences are also related to several other factors. The primary reason should be the distinct
source of extracellular and intracellular DNA which are derived from dead and live microbes,
respectively. The death of microorganisms is mainly caused by environmental selection or
stochastic processes (Zhang et al., 2016 2). In terms of environmental selection, the dead
microbial taxa should be less competitive than PMA-treated ones (Upton et al., 2019 ; Chu et al.,
2020%). The stochastic death should be correlated with the population size of each microbial
species, but the varied stochastic mortality among different microbial taxa can still lead to
different community profiles between dead and live microbes (Blazewicz et al., 2020(®). This study
also revealed that extracellular 16S rRNA genes led to substantial overestimation of soil
prokaryotic abundance and diversity (Figs. 4% and 5). These findings were supported by many
recent studies (Carini et al., 2016 2 ; Sun and Ge, 2023 %; Du et al., 2025) and can be explained as
follows. The overestimated prokaryotic abundance can be attributed to the long-term persistence
of eDNA (Sun and Ge, 2023 ). However, as DNA extraction efficiency may differ between intact
cells and eDNA, the actual differences between total and living prokaryotic abundance could be
smaller than those observed in this study. Similarly, the overestimated prokaryotic richness may
arise from historically accumulated microbial taxonomic information stored in eDNA pools

(Deshpande and Fahrenfeld, 2023 (% ; Wang et al., 2024b ().

We observed a significant correlation between eDNA degradation rates and the overall structure
of the prokaryotic community, but this relationship was absent in PMA-treated communities (Fig.

DNA. Analyses of the total community integrate intracellular DNA from metabolically active cells
with eDNA which primarily originates from historical microbial residues (Lennon et al., 2018 @).
EDNA incorporates signals that likely reflect the legacy effects of past environmental conditions
(Wang et al., 2021 @). In contrast, the PMA-treated community reflects transient microbial activity
driven by current selective pressures. Additionally, eDNA can serve as a nutrient source and
facilitate horizontal gene transfer, which may further shape its interactions with contemporary
microbial communities (Levy-Booth et al., 2007 2).
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Notably, we also observed significant positive correlations between sequence-specific degradation
rates and the pool sizes of extracellular 16S rRNA gene amplicon fragments at most of the study
sites (Fig. S1g ). This finding suggests that abundant eDNA degrades at a faster rate compared to
rare eDNA. As mentioned earlier, this could be explained by several mechanisms. First, as soil
eDNA is subject to enzymatic degradation and microbial recycling, abundant DNA sequences may
be more likely to be encountered and degraded by extracellular nucleases simply due to their
higher copy numbers (Levy-Booth et al., 2007 2 ; Nagler et al., 2018 ). Similarly, if microbes
preferentially take up DNA as a nutrient source, they may degrade abundant sequences more

frequently as a stochastic consequence of higher encounter rates (Finkel and Kolter, 2001 ).

However, we also found that the relationships between the sequence-specific degradation rates
and the effect sizes of extracellular 16S rRNA gene amplicon fragments varied across the study
sites (Fig. S1g2). The sequence-specific effect sizes of extracellular 16S rRNA gene amplicon

al., 2009(Z; Sirois and Buckley, 2019 (@). These inconsistent correlations emphasize the critical role
played by the production rates of extracellular 16S rRNA genes in influencing the analysis of
prokaryotic communities. Therefore, future studies should systematically\ determine both the
production and degradation rates of eDNA.

Despite the high-resolution insights afforded by our methodology, several limitations should be
considered. First, utilizing PCR-amplified 16S rRNA gene fragments as proxies oversimplifies the
structural and sequence complexity of natural soil eDNA pools. In natural environments, eDNA
varies widely in fragment length and conformation, and exhibits complex interactions with
mineral surfaces, all of which fundamentally affect degradation dynamics (Le
2007 @2 ; McKinney and Dungan, 20202). Additionally, the highly conserved na
gene means that the nucleotide variability explored here (e.g., GC content gradients) does not fully
capture the genomic heterogeneity of entire metagenomes (Knight et al., 2018 @). Consequently,
our reported degradation rates indicate the decay potential of highly accessible linear eDNA rather
than a universal rate for all soil DNA fractions. Future studies incorporating diverse metagenomic
DNA, especially those with extreme AT or GC contents, are essential for building a more
generalizable predictive framework for eDNA persistence (Morrissey et al., 2015). Second,
methodological biases inherent in quantifying the intracellular community must be acknowledged

complex soil matrices can be compromised by limited light penetration in turbid suspensions and
competitive adsorption to soil particles (Nocker et al., 2007 (@ ; Carini et al., 2016 (Z; Heise et al.,
2016 (7). Compounding this issue, downstream DNA recovery is subject to differential cell lysis, as

19997 ; Albertsen et al., 2015). While our standardized bead-beating protocol and calculation of
degradation rate constants (k) minimize systematic biases, future studies should integrate
complementary viability markers (e.g., RNA-based analyses or protein synthesis activity probes)
and multi-extraction comparisons to robustly validate these ecological patterns (Emerson et al.,
20173@).

4. Materials and methods
4.1. Study sites and soil sampling
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was mainly based on National Soil Fertility and Fertilizer Effect Long-term Monitoring Network
and the Chinese Ecosystem Research Network (CERN). Several other sampling sites were included,
based on the systematic consideration of ecosystem typicality, soil types, and climates. The 30 sites
spanned major climatic zones and land-use types in China, including 10 grasslands, 10 forests, 6
croplands, and 4 deserts, ensuring broad applicability of the results across diverse environmental
scenarios. The longitude of the sites ranged from 80.724 °E to 124.817 °E, while the latitude ranged
from 21.917 °N to 50.168 °N. The altitude of the study sites varied from 13 m to 4397 m. The ranges
of mean annual temperature (MAT) and precipitation (MAP) were -3.35-22.53L and 39-1809 mm,
respectively. The geographic and climate information of study sites is detailed in Table S13&.

At each sampling site, 10 subsampling points were randomly selected, with a minimum distance of
10 m between adjacent subsampling points. Soil samples (0-20 cm) from 10 subsampling points at
each study site were collected, thoroughly homogenized, and sieved to < 2 mm to form a composite
sample. Subsequently, all the composite soil samples were divided into two sub-samples. The first
sub-sample was air-dried for the determination of soil pH values, as well as measurements of total
organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and available phosphorus (AP).
The second sub-sample was preserved at 4°C for the determination of moisture content, inorganic
nitrogen content, as well as for microcosm experiment and PMA treatment.

4.2. Analysis of soil physicochemical properties

to-water ratio of 1:2.5 (Zhang et al., 2023a ). TOC content of the soils was examined via a TOC
analyzer (GB/T 30740-2014). The TN content of the soils was determined using an automatic
Kjeldahl apparatus (Liu et al., 2023(%). Additionally, the determination of soil TP concentration was
performed using the Mo-Sb colorimetric method. The soil NH,*-N and NO;L-N contents were
measured by indophenol blue colorimetry and vanadium chloride spectrophotometry with a
potassium chloride (KCl) extraction method, respectively (Zhang et al., 2019 ; Zhang et al.,

2023b (@). The soil AP content was measured following the methods of Olsen (1954) (3. Detailed

4.3. Determination of 16S rRNA gene amplicon fragments overall
and sequence-specific degradation rate constants

The overall and sequence-specific degradation rate constants of added exogenous extracellular
16S rRNA gene amplicon fragments were determined using a primer labeling method, combined
with real-time PCR and amplicon sequencing (Fig. 6 ). Briefly, exogenous eDNA was prepared by
PCR amplification using a modified forward primer consisting of a GAPDH F tag fused to the 16S
rRNA gene primer 515F, together with the reverse primer 806R. The full primer sequences were as
follows: GAPDH-F-515F: 5°-CAT TGG CAA TGA GCG GTT C-GTG CCA GCM GCC GCG GTA A-3,in
which CAT TGG CAA TGA GCG GTT C represents the GAPDH F tag and GTG CCA GCM GCC GCG GTA
A represents the 16S rRNA gene forward primer sequence (515F); and 806R: 5-GGA CTA CHV GGG
TWT CTA AT-3’ (Caporaso et al., 2011 & ; Walters et al., 2016 (2). GAPDH is a primer for a human
housekeeping gene and it has no homologous sequences in soils. Subsequently, GAPDH was
selected as the label primer based on two criteria. First, this primer was selected to avoid
interference from the original soil sequences (Huang et al., 2014 3; Yang et al., 2021 (2 ; Arvizu-
Hernandez et al., 2025 @), and no detectable PCR amplification was observed for the primer set
GAPDH F-806R across all the soil DNA samples included in this study. Second, the melting
temperature (Tm) value of GAPDH F approximately matched that of 806R. The GAPDH was
incorporated only into the forward primer for several reasons. Methodologically, adding a long
linker to the degenerate reverse primer (806R) could reduce amplification efficiency or introduce
bias. Economically, single-end labeling allowed us to use the standard reverse primer already
carrying sample-specific barcodes, avoiding the costly synthesis of a full set of dual-labeled
barcoded primers. This design minimized the risk of secondary structure and primer-dimer
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artifacts while maintaining sufficient specificity and compatibility with downstream gPCR and
sequencing. Subsequently, the exogenous eDNA was separately added to the corresponding fresh
soils collected from the 30 tudy sites, and incubated for 0, 3, 6, 12, 24, and 48 days. Finally, the
overall and sequence-specific degradation rate constants of 16S rRNA gene amplicon fragments
were calculated based on amplicon sequencing and real-time PCR. Detailed procedures are
described as follows.

4.4. Preparation of exogenous eDNA

Soil DNA was extracted from 0.5 g of soil using the DNeasy PowerSoil kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocols (Li et al., 2023 ). The GAPDH F-tagged PCR
products were generated using DNA extracted from the original soil sample as templates and
amplified with GAPDH F-tagged 515F and 806R. The PCR mixture (50 yL) consisted of ExTaq buffer
(10x, TaKaRa; 5 uL), dNTP Mix (2.5 mM; 4 pL), forward primer (10 uM; 1 pL), reverse primer (10
uM; 1 uL), template DNA (1 yL), ExTaq (0.25 pL), and DNase-free water (38 uL). The PCR protocol
involved an initial denaturation at 95 °C for 10 min, followed by 32 PCR cycles consisting of 30 s at
95 °C, 30 s at 56 °C, and 40 s at 72 °C. Additionally, a final extension was performed at 72 °C for 4
min. Three technical replicates were conducted to amplify each DNA sample, followed by PCR
product purification using the GeneJET Gel Extraction Kit (Thermo Scientific, Lithuania). Finally,
the purified GAPDH F-tagged 16S rRNA gene fragments were utilized as exogenous extracellular
16S rRNA gene amplicon fragments for subsequent experiments.

4.5. Microcosm experiment

The microcosm experiment was conducted using 30 g of soil for each sample. After pre-incubation
at 20L for one week, each soil was thoroughly mixed with the GAPDH FLtagged 16S rRNA gene
FLtagged 16S rRNA gene amplicon fragments added to each soil sample was equivalent to 1% of
the total DNA concentration naturally present in that soil, as determined fluorometrically prior to
the experiment. This concentration was chosen to approximate natural eDNA fluxes resulting
from microbial lysis, ensuring experimental relevance to in situ conditions (Table S2 (3). Weekly
water additions were performed to maintain the original moisture content of the soils. Soil
samples (5 g) were collected after incubation periods of 0, 3, 6, 12, 24, and 48 days with complete
mixing prior to each collection. A total of 180 soil samples (30 study sites x 6 incubation times)

were included in this study.

We further explored the influence of soil moisture content on the degradation rates of microbial
extracellular 16S rRNA gene amplicon fragments based on soils collected from Kaiyuan (KY) and
Dashanbao (DSB) in the southwest China. The moisture content gradient included 100%, 75%, 50%,
25%, and 10% of soil water holding capacity. GAPDH FLtagged 16S rRNA gene amplicon fragments
originating from the corresponding soils were added to the soils based on the natural soil DNA
concentration. The soils were collected after 0, 1, 3, 6, 12, and 24 days of incubation. This
complementary experiment included two sites, five moisture levels, six incubation time points,
and two replicates per treatment combination, resulting in a total of 120 soil samples.

4.6. Soil DNA extraction, real-time PCR, and amplicon sequencing

DNA was extracted from the microcosm experiment soils using the DNeasy PowerSoil kit (Qiagen,
Hilden, Germany). The copy numbers of the GAPDH FLtagged 16S rRNA gene amplicon fragments
persisting in the soils were determined by employing a LightCycler real-time PCR System (Roche,
Mannheim, Germany) with primers GAPDH F and 806R. For each real-time PCR reaction mixture,
1.0 yL of template DNA, 10.0 uL of TB Green™ Premix Ex Taq™ II (Takara, Japan), 0.5 uL of forward
primer (20 pM), and 0.5 pL of reverse primer (20 uM) were mixed with 8.0 uL of DNase-free water.
The real-time PCR protocol commenced with an initial denaturation at 95 °C for 40 s, followed by
40 cycles (5 s at 95 °C, 30 s at 56 °C, and 40 s at 72 °C). The standard curves exhibited fitted curve
Rvalues higher than 0.99, with amplification efficiencies of 85%. Each DNA sample quantification
was performed in triplicate.
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The community profiles of the GAPDH F-tagged 16S rRNA gene amplicon fragments were
determined using high-throughput amplicon sequencing. Briefly, GAPDH F-tagged 16S rRNA gene
amplicon fragments from the microcosm soils were first amplified from individual samples using
GAPDH F and barcode-labeled 806R primers. The reverse primer 806R carried a 12-bp sample-
specific barcode, whereas the GAPDH F primer did not contain a barcode. Therefore, each sample
was assigned a unique barcode during PCR, which allowed sample demultiplexing after
sequencing. The PCR reaction system and thermal cycling conditions were similar to those
described above, except that the number of amplification cycles was increased to 35 to obtain
sufficient amplicon products for sequencing. The barcoded PCR products from individual samples
were purified using a GeneJET Gel Extraction Kit (Thermo Scientific, Lithuania), quantified, and
then pooled in equimolar amounts for subsequent library construction. Sequencing libraries were
prepared from the pooled barcoded amplicons using the ALFA-SEQ DNA Library Prep Kit
according to the manufacturer’s protocol. Universal Illumina-compatible adapters were first
ligated to the pooled amplicon products, followed by bead-based purification. An indexing PCR
was then performed using the index primer mix, which introduced the complete P5/P7 flow-cell
binding sequences and a library-level Illumina index into the pooled library molecules. The
indexed library was purified, quantified, and subjected to paired-end sequencing on the NovaSeq
platform at MAGIGENE Co., Ltd. (Guangzhou, China).

The USEARCH (v11) with de-noising algorithm was used to analyze the raw sequences (Edgar,

515F and 806R) were removed using the search_pcr2 script. Reads with more than two primer
mismatches were discarded. Quality filtering was performed using the fastq_filter script, and
sequences with quality scores below 20 were removed. Redundant sequences were dereplicated
using the fastx_uniques script. ASVs were generated using the UNOISE3 nonLclustering denoising
algorithm (Edgar, 2016), which infers 100% exact sequence variants by distinguishing biological
sequences from PCR/sequencing errors. ASVs with total sequence counts fewer than 9 across all
samples were removed to reduce noise. To quantify the abundance of each ASV, an ASV table was
generated by mapping the qualityLfiltered raw reads back to the ASV set using the otutab
command. A 97% similarity threshold was applied for this recruitment to accommodate stochastic
sequencing noise while maintaining biological resolution. Crucially, the mapping followed a best-
hit priority rule, where each read was assigned to the ASV with the highest percent identity within
the 97% radius. This approach ensures that reads derived from the same biological template are
accurately counted toward their respective ASV, preventing the underestimation of abundances
that would occur with exact matching while strictly preserving the single-nucleotide resolution of
the ASV framework. Taxonomic annotation of the ASVs was performed in QIIME2 with the Silva
v138 database. A total of 89322 prokaryotic ASVs were obtained. To standardize sequencing depth
across samples, the read number of each sample was rarefied to 53251 using the rarefy function in
the vegan package in R. The soil prokaryotic diversity (i.e., richness) was assessed via the vegan
package in R (Oksanen et al., 2021 ). All the raw sequencing data and analysis codes have been
deposited in the NCBI Sequence Read Archive under BioProject PRJNA1141901 and GitHub
repository (https://github.com/1t916/16S-rRNA-genes-rates.git (4), respectively. The BioSample
accession numbers for the 16S rRNA gene amplicon sequencing data are SAMN42909669—
SAMN42909908.

4.7. Determination of soil extracellular 16S rRNA gene amplicon
fragments degradation rate constants

The overall degradation rate constants of the extracellular 16S rRNA gene amplicon fragments
were determined by examining the relationships between the copies of labeled 16S rRNA gene
amplicon fragments and incubation time, and they were mainly indicated by degradation rate
constants. The relationships were fitted using first-order enzyme-catalyzed reaction kinetics, as
described by the following equations.
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t: incubation time, day;

c: the copies of GAPDH FLtagged 16S rRNA gene amplicon fragments at time ¢t; c,: the initial copies
of GAPDH FLtagged 16S rRNA gene amplicon fragments;

k: the degradation rate constants of soil extracellular 16S rRNA gene amplicon fragments, day™;

The sequence-specific degradation rate constants of the exogenous extracellular 16S rRNA gene
amplicon fragments were determined using an approach similar to that used for the overall
degradation rates of the extracellular 16S rRNA gene amplicon fragments. The absolute abundance
of each prokaryotic taxa was estimated by multiplying its relative abundance with the copies of
total GAPDH FLtagged 16S rRNA gene amplicon fragments. Subsequently, the reaction rate
constants (k) were calculated by fitting the relationships between the sequence-specific 16S rRNA
gene amplicon fragment copies and incubation time. When comparing the rates of first-order
reactions, the reaction rate constant (k) usually serves as the core indicator. Therefore, we used
the degradation rate constant (k) to characterize the degradation dynamics of the added
exogenous DNA, which serves as a proxy for how eDNA may be degraded in soils. Because these
estimates combine relative abundance profiles with total JPCR abundance, the resulting sequence-
specific degradation rates should be interpreted as apparent ASV-level degradation patterns
within this analytical framework.

4.8. Impacts of eDNA on prokaryotic abundance and diversity
analysis

To further explore the implications of the overall and sequence-specific degradation rates of soil
extracellular 16S rRNA gene amplicon fragments, we also determined the impacts of extracellular
16S rRNA gene amplicon fragments on soil prokaryotic community analysis and their links with
the overall and sequence-specific degradation rates. To inhibit amplification of eDNA, soils were
incubated with PMA, as described previously (Carini et al., 2016 ). Upon photoactivation, eDNA
can form covalent bonds through cross-linking, leading to the inhibition of its PCR amplification.
In contrast, microbes with intact cell membranes exclude PMA, and their DNA is not cross-linked
with PMA, and remains amenable to PCR amplification (Cangelosi and Meschke, 2014 ). Because
cells with intact membranes are less permeable to PMA than eDNA or DNA from membrane-
compromised cells, the PMA-treated fraction is expected to be enriched in DNA derived from
intact cells. Currently, PMA treatment is widely used to suppress PCR amplification of eDNA (Xue
et al., 2023 [@; Canini et al., 2024 ().

In this study, 0.50 g of soil was mixed with PMA in a total volume of 0.5 mL (40 uM PMA in
phosphateLbuffered saline, PBS), while the control soil samples were mixed with PBS without
PMA. Both the PMA-treated and control soil samples (PMA-untreated) were gently vortexed for 10
min in the dark at room temperature. Following the incubation, both sets of samples were exposed
to a 650 W halogen lamp placed at a distance of 20 cm from the tube, undergoing four consecutive
cycles of alternating light (30 seconds) and darkness (30 seconds). Subsequently, the tubes were
centrifuged at 10000 x g for 2 min, and the pellets were retained. Finally, DNA was extracted from
these pellets using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) following manufacturer’s
protocols.

The abundance of 16S rRNA gene amplicon fragments was determined using quantitative PCR
employing a LightCycler real-time PCR System (Roche, Germany). The universal primers set for the
16S rRNA gene amplification were 515F and 806R. The real-time PCR mixture and procedure
followed the aforementioned protocol. The 20.0 yL real-time PCR reaction mixture included 1.0 pL
of template DNA, 10.0 puL of TB Green™ Premix Ex Taq™ II (Takara, Japan), 0.5 yL of forward
primer (20 uM), and 0.5 uL of reverse primer (20 pM) were mixed with 8.0 uL of DNase-free water.
The real-time PCR protocol commenced with an initial denaturation at 95 °C for 40 s, followed by
40 cycles (5 s at 95 °C, 30 s at 56 °C, and 40 s at 72 °C). Additionally, prokaryotic 16S rRNA gene
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fragments were amplified via PCR with universal primers 515F-806R, following the same PCR
system, procedure, and bioinformatics analysis as described above. Ultimately, discrepancies in
soil microbial properties between the control and PMA-treated samples were utilized to indicate
the impact of extracellular 16S rRNA gene amplicon fragments on soil prokaryotic community
analysis.

4.9. Statistical analysis

The changes in GAPDH F-tagged 16S rRNA gene copies and richness across different incubation
time points were determined using repeated-measures analysis of variance. OneLway analysis of
variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) postLhoc test was
used to compare degradation rate constants among ecosystem types. Prokaryotic community
structure differences among the study sites and incubation time points were examined through
non-metric multidimensional scaling analysis (NMDS), permutation multivariate analysis of
variance (PERMANOVA), and permutational analysis of multivariate dispersion (PERMDISP)
(Kruskal, 1964 @ ; Anderson, 2001 2). Random forest modeling was conducted to assess the
importance of environmental variables in predicting the overall degradation rates of extracellular
16S rRNA gene amplicon fragments. Structural equation modeling (SEM) was employed to further
evaluate the direct and indirect effects of soil moisture, soil pH, MAP, and prokaryotic abundance
on the overall degradation rates of extracellular 16S rRNA gene amplicon fragments (Grace,

rRNA gene amplicon fragments were visualized using a heatmap with corrplot packages. To
reduce noise arising from unstable detection and unreliable model fitting, only ASVs with relative
abundances > 0.01%, present in more than 90% of the study sites, and exhibiting a fitted
degradation curve with R2 > 0.5 were retained for pairwise sequence-specific degradation rate
comparisons. As for the analysis, we performed paired tLtests across all the study sites. Thus, the
degradation rates were essentially compared within each site, with both values originating from a
same soil sample under identical incubation conditions. A positive t value indicates that the first
ASV has a significantly higher degradation rate than the second one, and a negative t value
indicates the opposite. The p values were adjusted for multiple comparisons using the FDR
method. The relationships between the sequence-specific degradation rate profiles of soil
extracellular 16S rRNA gene amplicon fragments and environmental factors were analyzed by
Mantel tests (Mantel, 19672).

The impacts of extracellular 16S rRNA gene on the abundance and richness of soil prokaryotic
community were determined using the paired ¢ test. Differences in the relative abundance of
microbial taxa between the total and PMA-treated prokaryotic communities were assessed using
Wilcoxon test and the taxa with significant differences were visualized with Graphlan (v1.1.3).
Mantel test was employed to further investigate the relationships of PMA-treated or total
prokaryotic communities and environmental factors. Pearson correlation test was employed to
examine the relationships between the pool sizes and degradation rates of sequence-specific soil
extracellular 16S rRNA gene amplicon fragments. Only the abundant taxa, with the proportions
exceeding 0.01%, were included in the analysis. For each prokaryotic taxon, its extracellular 16S
rRNA gene pool size was calculated as the total 16S rRNA gene copies x the relative abundance of
the taxon x (1 — intracellular 16S rRNA gene copies of the taxon/total 16S rRNA gene copies of the
taxon). Most of the aforementioned statistical analyses were conducted in R software with a range
of packages including vegan, ggplot2, RandomForest, piecewiseSEM, corrplot, matlab, igraph,
ggcor, ggpubr, Rmisc, and Hmisc (Breiman, 2001 (3; Cutler et al., 2012 (@ ; Lefcheck, 2016 (% ; Harrell
and Dupont, 2020 @; Oksanen et al., 2021 @).

Data availability

All the raw sequencing data have been deposited in the NCBI Sequence Read Archive under
BioProject PRJNA1141901. The BioSample accession numbers for the 16S rRNA gene amplicon
sequencing data are SAMN42909669—SAMN42909908.
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Peer reviews
Reviewer #1 (Public review):

Summary:

This manuscript investigates the degradation dynamics of extracellular DNA in soils and its
impact on estimates of microbial abundance and diversity. By combining a broad geographic
sampling design with a primer-labeling strategy, qPCR quantification, amplicon sequencing,
and PMA treatment, the authors aim to disentangle total versus intracellular DNA signals and
explore sequence-specific degradation patterns. The topic is relevant, particularly given the
increasing awareness of relic DNA as a confounding factor in microbial ecology. The
experimental design is ambitious and potentially impactful. However, several conceptual
inconsistencies, methodological ambiguities, and statistical limitations currently weaken the
robustness of the conclusions. These issues need to be addressed.
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Strengths:

The manuscript addresses a timely and important question in microbial ecology, particularly
given the growing recognition that relic DNA can bias interpretations of community
composition derived from amplicon sequencing. The study is ambitious in scope,
incorporating a broad geographic sampling design across multiple soil types, which enhances
the generalizability of the findings. The use of a controlled microcosm experiment combined
with a primer-labeling strategy to track extracellular DNA dynamics is conceptually
innovative and provides a structured framework to investigate degradation processes.

In addition, the integration of multiple approaches, including qPCR for absolute
quantification, high-throughput sequencing for community profiling, and PMA treatment to
differentiate extracellular from intracellular DNA, represents a comprehensive attempt to
disentangle complex sources of bias in soil microbiome analyses. The effort to link
degradation dynamics with environmental variables and to explore sequence-level patterns
further demonstrates the authors' intent to move beyond descriptive analyses toward a
mechanistic understanding.

Weaknesses:

Several conceptual and methodological issues currently limit confidence in the study's
conclusions. Key terms such as "sequence-specific degradation" are not clearly defined or
supported by a mechanistic or structural hypothesis, making it difficult to interpret the
biological meaning of the results. In addition, the bioinformatic workflow presents
inconsistencies, particularly the use of ASVs followed by clustering at 97% similarity, which
undermines the resolution required to support sequence-level inferences. Statistical analyses
are also insufficiently described, including unclear definitions of "T values," a lack of detail
on pairing structure, and no indication of multiple testing correction.

Furthermore, important methodological details are missing or unclear, including primer
design (e.g., GAPDH tag vs ACTF), Illumina library preparation (e.g., adapter and indexing
strategy), and validation of PMA treatment efficiency. The interpretation of PMA-treated
samples as representing "living communities"” is likely overstated, given the known
limitations of the method in soil systems. Finally, typographical errors, inconsistent
terminology, and unclear phrasing throughout the manuscript reduce readability and further
complicate interpretation.

https://doi.org/10.7554/eLife.110251.2.sa2

Reviewer #2 (Public review):

Summary:

This manuscript describes the results of an interesting study examining the rate of
degradation of extracellular DNA in soil ecosystems using a clever experimental approach.
16S ribosomal RNA genes were amplified from soil samples, and then purified PCR
amplicons, containing a 5' linker sequence on the forward primer, were introduced to soils
and monitored over time using real-time quantitative PCR and NGS amplicon sequencing.
The study was able to measure rates of overall extracellular DNA degradation, but also
sequence-specific degradation rates. I like the idea and execution of the study, and the results
are interesting. The manuscript needs some help to improve the overall readability. Please
see general and editorial comments below.

Strengths:
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Innovative experimental design that is well deployed across a large number of soil types,
revealing interesting variability in extracellular DNA degradation.

Weaknesses:
(1) The manuscript needs another review to improve the readability of the document.

(2) The authors have used 16S genes to look at sequence-specific degradation. But 16S rRNA
genes are actually pretty well conserved, and there isn't as much genetic variation across this
gene among organisms as there is for other genes. It might be more relevant to look at
metagenomic DNA degradation from high AT, high GC organisms, etc. This would be more
generalizable than 16S genes.

(3) Consideration of differential cell lysis during soil DNA extraction needs to be considered
as well.

(4) It is not clear why the authors didn't put GAPDH linkers on the reverse primer as well.
This would have given an easier amplicon to amplify (no degeneracies at all).

https://doi.org/10.7554/eLife.110251.2.sa1

Author response:

The following is the authors’ response to the original reviews.

We sincerely appreciate you and the reviewers for investing time and effort in evaluating our
manuscript. After carefully reading the comments and suggestions, we found they are
insightful, constructive, and critical for improving the quality of our work. Based on these
valuable recommendations, we have substantially revised the manuscript as summarized
below.

Abstract: Inappropriate or ambiguous statements have been revised to improve clarity.

Introduction: (1) The study purpose and hypotheses have been re-organized in a clearer and
more concise way. (2) A mechanistic rationale for sequence-specific degradation has been
provided and the use of PMA treatment has been explained. (3) The terminologies related to
extracellular DNA and 16S rRNA gene amplicons have been clarified.

Materials and Methods: 1) More detailed description of the microcosm experiment has been
added. 2) The design and rationale of GAPDH F-tagged primers and the use of fusion primers
for Illumina library preparation have been clarified. 3) More details about PCR amplification,
DNA purification, and pooling strategies have been added. 4) We have corrected and
standardized primer naming throughout the manuscript; 5) More details about bioinformatic
workflow have been added. 6) We have defined statistical parameters and multiple testing
corrections. 7) All abbreviations have been defined and standardized.

Results: 1) The terminology for PMA-treated DNA has been revised and it has been clarified
interpretation as “PMA-treated prokaryotic community” rather than “living community”. 2)
The figures and legends have been updated for clarity, and the explicit explanation of “ASV I”
and “ASV II” in pairwise comparisons have been added. 3) the figures (e.g., Figs. 2-5, S2-S8)
have been reorganized to better reflect results; 4) Inappropriate statements or misleading
interpretations have been removed.

Discussion: A detailed section on technical limitations have been added. The limiatons added
mainly include: 1) PCR amplification bias and recommendations for spike-in standards or
multi-primer approaches; 2) differential DNA extraction efficiency due to variable cell lysis;
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and 3) limitations of using 16S rRNA amplicons as proxies for natural extracellular DNA and
the limitations of PMA treatment efficiency in soil matrices;

elife Assessment

This valuable study introduces an innovative experimental design to address a crucial
and timely issue in microbial ecology: the potential bias in soil microbial community
analyses caused by extracellular DNA degradation. While the evidence showing variable
degradation rates of extracellular DNA is convincing, additional conceptual,
methodological, and statistical clarifications could reinforce the claims and the study's
contribution to the field. This research will appeal to microbial ecologists and
researchers interested in using molecular techniques to evaluate microbial community
structure.

We sincerely appreciate the editors for the careful assessment of our work and for
recognizing the value of addressing extracellular DNA degradation in soil microbial
community analyses. We also greatly appreciate the reviewers’ constructive feedbacks
concerning the need for additional conceptual, methodological, and statistical clarifications.
We agree that further refinement in these areas will strengthen our claims and enhance the
study’s contribution to the field. Based on these insightful suggestions, we have carefully
revised the manuscript to provide clearer conceptual framework, more detailed
methodological descriptions, and more rigorous statistical analyses. We believe these
revisions have substantially improved the clarity and robustness of our work. More details
about the revisions have been provided in the following responses.

Public Reviews:
Reviewer #1 (Public review):
Summary:

This manuscript investigates the degradation dynamics of extracellular DNA in soils and
its impact on estimates of microbial abundance and diversity. By combining a broad
geographic sampling design with a primer-labeling strategy, qPCR quantification,
amplicon sequencing, and PMA treatment, the authors aim to disentangle total versus
intracellular DNA signals and explore sequence-specific degradation patterns. The topic
is relevant, particularly given the increasing awareness of relic DNA as a confounding
factor in microbial ecology. The experimental design is ambitious and potentially
impactful. However, several conceptual inconsistencies, methodological ambiguities, and
statistical limitations currently weaken the robustness of the conclusions. These issues
need to be addressed.

We sincerely appreciate the reviewer for the constructive assessment of our work. We also
appreciate the reviewer’s critical insights regarding the conceptual inconsistencies,
methodological ambiguities, and statistical limitations that currently weaken the robustness
of the conclusions. We agree with the reviewer that addressing these issues is essential to
strengthen our work. Based on these valuable comments, we have carefully revised the
manuscript to clarify the conceptual framework. Additionally, we have provided more
detailed methodological descriptions, and enhance the statistical rigor of our analyses. We
believe these revisions have substantially improved the clarity, consistency, and overall
robustness of our conclusions.

Strengths:

The manuscript addresses a timely and important question in microbial ecology,
particularly given the growing recognition that relic DNA can bias interpretations of
community composition derived from amplicon sequencing. The study is ambitious in
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scope, incorporating a broad geographic sampling design across multiple soil types,
which enhances the generalizability of the findings. The use of a controlled microcosm
experiment combined with a primer-labeling strategy to track extracellular DNA
dynamics is conceptually innovative and provides a structured framework to investigate
degradation processes.

In addition, the integration of multiple approaches, including gPCR for absolute
quantification, high-throughput sequencing for community profiling, and PMA treatment
to differentiate extracellular from intracellular DNA, represents a comprehensive attempt
to disentangle complex sources of bias in soil microbiome analyses. The effort to link
degradation dynamics with environmental variables and to explore sequence-level
patterns further demonstrates the authors' intent to move beyond descriptive analyses
toward a mechanistic understanding.

We sincerely thank the reviewer for the positive and encouraging comments of our work.
Weaknesses:

Several conceptual and methodological issues currently limit confidence in the study’s
conclusions. Key terms such as "sequence-specific degradation” are not clearly defined or
supported by a mechanistic or structural hypothesis, making it difficult to interpret the
biological meaning of the results. In addition, the bioinformatic workflow presents
inconsistencies, particularly the use of ASVs followed by clustering at 97% similarity,
which undermines the resolution required to support sequence-level inferences.
Statistical analyses are also insufficiently described, including unclear definitions of "T
values," a lack of detail on pairing structure, and no indication of multiple testing
correction.

Furthermore, important methodological details are missing or unclear, including primer
design (e.g., GAPDH tag vs ACTF), Illumina library preparation (e.g., adapter and indexing
strategy), and validation of PMA treatment efficiency. The interpretation of PMA-treated
samples as representing "living communities" is likely overstated, given the known
limitations of the method in soil systems. Finally, typographical errors, inconsistent
terminology, and unclear phrasing throughout the manuscript reduce readability and
further complicate interpretation.

We sincerely appreciate the reviewer’s thorough and critical evaluation of the manuscript’s
weaknesses. The issues raised regarding conceptual clarity, bioinformatic consistency,
statistical rigor, methodological transparency, and the interpretation of PMA treatment have
been fully acknowledged. We also recognized that typographical errors, inconsistent
terminologies, and unclear phrasing largely reduced readability. In response to these
valuable comments, the manuscript has been carefully revised as follows. (1) The clearer
definition of the term “sequence-specific degradation” has been provided. (2) The
bioinformatic workflow was streamlined to ensure consistency. (3) The descriptions of
statistical analyses were substantially expanded, including explicit definitions of “t values,”
detailed clarification of the pairing structure, and the application of appropriate multiple
testing corrections. (4) Missing details regarding primer design, Illumina library preparation,
and PMA treatment validation have been added to the Method section. (5) Interpretations of
PMA-treated samples have been revised to more accurately reflect methodological limitations
in soil systems. (6) The manuscript has been thoroughly proofread to correct typographical
errors, standardize terminology, and enhance overall clarity. These revisions are believed to
substantially address the concerns raised and significantly strengthen the manuscript. A
point-by-point response to the specific comments is provided below.

| Reviewer #2 (Public review):
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Summary:

This manuscript describes the results of an interesting study examining the rate of
degradation of extracellular DNA in soil ecosystems using a clever experimental
approach. 16S ribosomal RNA genes were amplified from soil samples, and then purified
PCR amplicons, containing a 5' linker sequence on the forward primer, were introduced
to soils and monitored over time using real-time quantitative PCR and NGS amplicon
sequencing. The study was able to measure rates of overall extracellular DNA
degradation, but also sequence-specific degradation rates. I like the idea and execution
of the study, and the results are interesting. The manuscript needs some help to improve
the overall readability. Please see general and editorial comments below.

We sincerely thank the reviewer for the positive and encouraging assessment of our study.
We have carefully revised the manuscript to enhance clarity, streamline the presentation,
and refine the language throughout. We believe these improvements have made the
manuscript more readable and easier to follow. We are also grateful for the general and
editorial comments provided, which have been addressed as outlined below.

Strengths:

Innovative experimental design that is well deployed across a large number of soil types,
revealing interesting variability in extracellular DNA degradation.

We sincerely thank the reviewer for the positive and encouraging assessment of our work.
Weaknesses:
(1) The manuscript needs another review to improve the readability of the document.

We thank the reviewer for this helpful suggestion. We fully agree that improving readability
is essential for effectively communicating our findings. Based on the comment, we have
carefully revised the manuscript to enhance clarity and readability. We have streamlined
sentence structures, standardized terminology, corrected typographical errors, and improved
the logical organization of the text. We believe these revisions have substantially improved
the overall readability of the manuscript.

(2) The authors have used 16S genes to look at sequence-specific degradation. But 16S
rRNA genes are actually pretty well conserved, and there isn't as much genetic variation
across this gene among organisms as there is for other genes. It might be more relevant
to look at metagenomic DNA degradation from high AT, high GC organisms, etc. This
would be more generalizable than 16S genes.

We thank the reviewer for this insightful comment. We agree with the reviewer that 16S
rRNA genes are relatively conserved compared to functional genes or whole metagenomic
DNA, and that studying degradation of more variable sequences (e.g., high-AT, high-GC
regions, or metagenomic DNA) would provide greater generalizability. However, we would
like to clarify the rationale for using 16S rRNA gene amplicons in the present study. First, the
16S rRNA gene remains the most widely used phylogenetic marker in soil microbial ecology
(Knight et al., 2018). Demonstrating sequence-specific degradation with this well-established
marker directly informs a large body of existing research that relies on 16S RNA gene-based
community analyses. Second, despite its conserved nature, the targeted fragment in this
study is belong to the highly varied region (V4) of 16S rRNA gene. Accordingly, we indeed
observed significant sequence-specific variation in degradation rates among different 16S
rRNA gene amplicon sequence variants (ASVs) (Fig. 2c, 3a). This indicates that even within a
conserved marker gene, sequence-dependent degradation biases exist and can affect
diversity estimates. Third, our study was designed as a proof-of-concept to establish a
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methodological framework for quantifying both overall and sequence-specific degradation
rates. Using a single, well-characterized marker allowed us to develop and validate the
primer-labeling and qPCR/sequencing workflow without the additional complexity of
metagenomic DNA (e.g., variable fragment lengths and complex mineral associations). In the
revised manuscript, we have added the following sentence to the Discussion section to
address the concerns from the reviewer.

L294-305

“Despite the high-resolution insights afforded by our methodology, several limitations should
be considered. First, utilizing PCR-amplified 16S rRNA gene fragments as proxies
oversimplifies the structural and sequence complexity of natural soil eDNA pools. In natural
environments, eDNA varies widely in fragment length and conformation, and exhibits
complex interactions with mineral surfaces, all of which fundamentally affect degradation
dynamics (Levy-Booth et al., 2007; McKinney and Dungan, 2020). Additionally, the highly
conserved nature of the 16S rRNA gene means that the nucleotide variability explored here
(e.g., GC content gradients) does not fully capture the genomic heterogeneity of entire
metagenomes (Knight et al., 2018). Consequently, our reported degradation rates indicate the
decay potential of highly accessible linear eDNA rather than a universal rate for all soil DNA
fractions. Future studies incorporating diverse metagenomic DNA, especially those with
extreme AT or GC contents, are essential for building a more generalizable predictive
framework for eDNA persistence (Morrissey et al., 2015)”

(3) Consideration of differential cell lysis during soil DNA extraction needs to be
considered as well.

We thank the reviewer for raising this important technical consideration. We agree that
differential cell lysis during soil DNA extraction is a well-recognized source of bias in
microbial community analysis. Different microbial taxa (e.g., Gram-positive vs.
Gram-negative bacteria, spores, or fungi) vary in their cell wall structure and susceptibility to
lysis, which can lead to under-representation of certain groups and over-representation of
others in the extracted DNA. This bias affects both total DNA extracts and PMA-treated
fractions, potentially influencing our estimates of the relative contributions of intact-cell
derived DNA versus extracellular DNA. However, currently, eliminating these biases are still
challenging, and thus we have added the following sentence to the Discussion to address this
concern.

L305-311

“Second, methodological biases inherent in quantifying the intracellular community must be
acknowledged (Du et al., 2025). Although PMA treatment is widely used to exclude eDNA, its
efficiency in complex soil matrices can be compromised by limited light penetration in turbid
suspensions and competitive adsorption to soil particles (Nocker et al., 2007; Carini et al.,
2016; Heise et al., 2016). Compounding this issue, downstream DNA recovery is subject to
differential cell lysis, as taxa with robust cell walls (e.g., Gram-positive bacteria) may resist
extraction (Frostegard et al., 1999; Albertsen et al., 2015).”

(4) It is not clear why the authors didn't put GAPDH linkers on the reverse primer as well.
This would have given an easier amplicon to amplify (no degeneracies at all).

The decision to place the GAPDH linker only on the forward primer (515F) was intentional to
balance the need for tracking exogenous extracellular DNA with amplification efficiency,
sequencing quality, and cost-effectiveness. Adding linkers to both primers would increase the
total amplicon length, potentially reducing amplification efficiency, especially in complex soil
samples with degraded or low-quality DNA. More importantly, the reverse primer used in our
study is a degenerate primer designed to target the 16S rRNA gene across diverse bacterial
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taxa, and extending it with an additional GAPDH linker could introduce further complexity,
decrease amplification efficiency, and increase primer-dimer formation. Additionally, single-
end labeling allows the usage of standard 16S rRNA reverse primers with existing barcodes,
whereas dual-end labeling would require synthesis of new barcode-labeled primers,
increasing both cost and time. Our preliminary experiments confirmed that single-end
labeling produced reproducible amplification curves (~85% efficiency) and high-quality
sequencing reads, which were sufficient for quantifying degradation rates. We have added a
clarification in the Methods section to explain this rationale.

L365-371

“The GAPDH was incorporated only into the forward primer for several reasons.
Methodologically, adding a long linker to the degenerate reverse primer (806R) could reduce
amplification efficiency or introduce bias. Economically, single-end labeling allowed us to use
the standard reverse primer already carrying sample-specific barcodes, avoiding the costly
synthesis of a full set of dual-labeled barcoded primers. This design minimized the risk of
secondary structure and primer-dimer artifacts while maintaining sufficient specificity and
compatibility with downstream qPCR and sequencing.”

Recommendations for the authors:

Reviewer #1 (Recommendations for the authors):

Major Comments

(1) Inconsistency between ASV inference and 97% sequence recruitment

The bioinformatic pipeline presents a major conceptual inconsistency. ASVs are inferred
using UNOISE3, but reads are subsequently mapped to ASVs at a 97% similarity
threshold, effectively reintroducing OTU-level clustering. Given that the manuscript's
central claim is sequence-specific degradation, this step undermines the single-
nucleotide resolution that ASVs provide and may obscure biologically meaningful
differences. The authors should either reanalyze the data using a consistent ASV
framework (exact matching), or explicitly treat the analysis as OTU-like and moderate
claims of sequence specificity.

We appreciate the reviewer's critical evaluation of our bioinformatic pipeline. We also
apologized for our unclear statements in our original manuscript. We understand the
concern that mapping reads to ASVs at 97% similarity might appear to reintroduce OTU-level
clustering. Actually, we used the default pipeline provided by the authors of USEARCH with
otutab command to generate the ASV table.

Following the logic and recommendations of the USEARCH/UNOISE3 developer (Robert
Edgar), this approach is a standard procedure for robust noise management rather than a
conceptual inconsistency. First, in our pipeline, ASVs (ZOTUs) are first inferred using the
UNOISES3 algorithm, which effectively identifies “true” biological sequences at single-
nucleotide resolution. Secondly, according to the USEARCH manual, while the ASVs
themselves represent exact biological sequences, the raw reads inevitably contain stochastic
sequencing errors. Using “exact matching” for recruitment would discard a significant
portion of the data that originates from a specific ASV but carries minor random errors.
Mapping at 97% identity is the recommended method to recruit these noisy reads back to
their correct biological origin (the ASV centroid). Meanwhile, during the recruitment process,
reads are not randomly assigned to any ASV within the 97% identity radius. Instead, the
algorithm follows a “highest similarity first” principle. For instance, if a specific read exhibits
98% similarity to ASV1 and 97% similarity to ASV2, it is strictly assigned to ASV1. A read is
only discarded if its highest similarity to any ASV falls below the 97% threshold. Unlike
traditional OTU clustering (Where sequences are clustered together based on similarity from
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the start), our approach maintains the ASV as a fixed biological reference. The quantification
of degradation rates is performed on these high-resolution centroids. Thus, our claims
regarding sequence-specific degradation remain valid, as the underlying biological variation
is defined by the ASVs. To avoid any possible confusion, we have rewritten the relevant
paragraph in the Methods section (subsection 4.6) as follows.

L446-457

“ASVs were generated using the UNOISE3 non-clustering denoising algorithm (Edgar, 2016),
which infers 100% exact sequence variants by distinguishing biological sequences from
PCR/sequencing errors. ASVs with total sequence counts fewer than 9 across all samples were
removed to reduce noise. To quantify the abundance of each ASV, an ASV table was generated
by mapping the quality-filtered raw reads back to the ASV set using the otutab command. A
97% similarity threshold was applied for this recruitment to accommodate stochastic
sequencing noise while maintaining biological resolution. Crucially, the mapping followed a
best-hit priority rule, where each read was assigned to the ASV with the highest per cent
identity within the 97% radius. This approach ensures that reads derived from the same
biological template are accurately counted toward their respective ASV, preventing the
underestimation of abundances that would occur with exact matching while strictly
preserving the single-nucleotide resolution of the ASV framework.”

(2) Undefined "ASV I" and "ASV II" groups

The manuscript refers to "ASV I" and "ASV II" groups in pairwise comparisons of
degradation rates (e.g., Fig. 3), but these groups are not defined anywhere in the text.

It is unclear whether these represent: predefined biological categories, arbitrary pairwise
ASV comparisons, or groupings based on taxonomy, abundance, or degradation rate.

In addition, the pairing structure underlying these comparisons is not described. While a
paired t-test is mentioned, it is unclear how ASVs were paired (e.g., within sites, across
samples, or across time points).

The current terminology ("groups”) is potentially misleading and suggests biological
structure where none may exist. The authors should explicitly define these terms, clarify
the pairing scheme, and revise terminology if these are simply pairwise comparisons.

We thank the reviewer for this keen observation. We completely agree that the terms "ASV I"
and "ASV II" were poorly defined and potentially misleading.

We would like to clarify that "ASV I" and "ASV II" were not intended to represent predefined
biological categories (such as groupings based on taxonomy, abundance, or degradation
rates). Instead, they were merely used as a labeling convention to indicate the directionality
of pairwise comparisons within the heatmap matrix. Specifically, "ASV I" referred to the ASVs
represented in the rows, while "ASV II" referred to those in the columns. In the original Fig. 3,
blue indicated that the degradation rate of the row ASV was significantly lower than that of
the column ASV, and red indicated the opposite. To avoid any confusion, we have removed
the “ASV I/II” terminology throughout the manuscript and figures, replacing them with “Row
ASVs” and “Column ASVs”. To address this issue, we have revised the Figure 3 legend to
include a more explicit explanation:

L820-824

“In the heatmap, each cell represents a pairwise comparison between two ASVs. Blue
indicates that the degradation rate of the ASVs listed in the row (row ASVs) is significantly
lower than that of the ASVs listed in the column (column ASVs); red indicates that the row
ASVs has a significantly higher degradation rate than the column ASV. A positive t value
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indicates that the row ASVs degrades significantly faster than the column ASVs; a negative t
value indicates the opposite.”

We thank the reviewer for raising the important issue regarding the definition of “t values” in
our statistical analysis. We apologize for the lack of clarity in the original manuscript. To
clarify, the T values presented in Figure 3a represent the test statistics (t-values) from paired
t-tests comparing the degradation rate constants of two ASVs across the 30 study sites. The T-
value was obtained from a paired t-test between two ASVs across the same samples. The t-
value indicates the magnitude and direction of the difference between the two ASVs’
degradation rates relative to the variability across sites. A positive t-value (colored red in the
heatmap) indicates the row ASVs degrades significantly faster than the column ASVs; a
negative t-value (colored blue) indicates the opposite.

L544-548

“As for the analysis, we performed paired t-tests across all the study sites. Thus, the
degradation rates were essentially compared within each site, with both values originating
from a same soil sample under identical incubation conditions. A positive t value indicates
that the first ASV has a significantly higher degradation rate than the second one, and a
negative t value indicates the opposite. The p values were adjusted for multiple comparisons
using the FDR method.”

(3) Lack of definition and justification of "T values"

The manuscript reports "T values” for comparisons between ASVs but does not clearly
define how these values are calculated. Although a paired t-test is mentioned, it remains
unclear how the pairing was constructed, whether assumptions (normality,
independence) were evaluated, and whether corrections for multiple comparisons were
applied. Given the large number of ASVs, failure to control for multiple testing could
inflate false positives. More broadly, the use of a simple paired t-test may not be
appropriate given the hierarchical and compositional structure of the data.

We sincerely thank the reviewer for pointing out the need to clarify the definition and
justification of the t-values presented in our manuscript. Each t-value represents the test
statistic from a paired t-test comparing the degradation rates of two ASVs across the same set
of samples. The paired t-test assumes that the differences between paired observations are
approximately normally distributed and that the pairs are independent across columns. We
have evaluated the normality of differences using standard diagnostic plots and verified that
the assumption is reasonably satisfied given the sample size. We performed a correction for
multiple comparisons using the False Discovery Rate (FDR) procedure to control for potential
false positives. We have revised the Methods section to clearly define t-values.

(4) Conceptual validity of "sequence-specific degradation”

The manuscript repeatedly refers to "sequence-specific degradation” of extracellular
DNA; however, this concept is not clearly defined nor supported by a biological or
structural hypothesis. It is unclear what "sequence-specific" refers to (e.g., nucleotide
composition, GC content, secondary structure, taxonomic identity), whether differences
are expected in conserved versus variable regions of the 16S rRNA gene, or what
mechanistic basis would explain differential degradation among sequences. Given that
the analysis is based on short 16S V4 amplicons, and no structural or biochemical
framework is provided, it is difficult to interpret whether the observed differences truly
reflect intrinsic sequence-dependent degradation or are instead driven by
methodological or statistical artifacts (e.g., abundance effects, amplification bias).

I believe the authors should explicitly define what is meant by "sequence-specific
degradation," provide a biologically grounded hypothesis (e.g., structural accessibility,
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GC content, stem-loop stability), and align their interpretation with the resolution and
limitations of the data.

We thank the reviewer for this critical conceptual comment. We apologize that
“sequence-specific degradation” was not clearly defined and lacked a biological or structural
hypothesis. To improve the logical flow of the manuscript, we have restructured the
Introduction by moving the three central hypotheses immediately following the discussion of
the biochemical mechanisms underlying sequence-specific degradation. This adjustment
ensures that the hypotheses are directly grounded in the theoretical framework (e.g., GC
content, thermodynamic stability, and secondary structures) presented in the paragraph.

We now define “sequence-specific degradation” as statistically significant differences in
first-order degradation rate constants among distinct ASVs, mainly arising from intrinsic DNA
properties (base composition, secondary structure, and restriction sites) or differential
mineral adsorption.

L99-104

“Consequently, we proposed three central hypotheses. (1) The degradation rates of eDNA
amplicon fragments were expected to be highly sequence-specific. (2) The rates and patterns
of eDNA fragments degradation would be influenced by environmental factors such as
temperature and moisture content. (3) The sequence-specific degradation of extracellular 16S
rRNA gene amplicon fragments would significantly influence estimates of soil prokaryotic
abundance and diversity.”

We also expanded the mechanistic discussion to include GC content and secondary structure.
L230-235

“We also examined whether GC content could explain the observed sequence-specific
patterns, but no significant correlation was found (Fig. S4), suggesting that simple base
composition is not the primary driver in this study. However, this does not exclude the
possibility that higher-order structural features (e.g., hairpin loops) or sequence-specific
nuclease recognition motifs contribute to differential degradation (Wang et al., 2007). This
should be tested in future studies using synthetic DNA constructs with controlled structural
elements.”

We acknowledge that inferring sequence-specific degradation from combined relative
abundance and qPCR data is subject to potential methodological artifacts, including
compositional effects, PCR amplification bias, and abundance-dependent detection limits.
However, we have taken several stringent steps to minimize these concerns. Specifically, we
restricted our analysis to ASVs that were present in more than 90% of the study sites and for
which the degradation curve fits yielded R?> 0.5, ensuring that only robustly detected and
reliably modeled sequences were retained. Because our analysis tracks the ratio of each ASV
across a time series, any sequence-specific PCR amplification bias remains constant for that
particular sequence. By focusing on the rate of change rather than absolute read counts, such
systematic biases are mathematically canceled out during the calculation of degradation
kinetics.

(5) Conceptual ambiguity in "GAPDH F-labeled 16S rRNA genes”

The manuscript repeatedly refers to "GAPDH F-labeled 16S rRNA genes," which is
confusing and may be misinterpreted as targeting GAPDH rather than 16S. It should be
clearly stated that GAPDH refers to glyceraldehyde-3-phosphate dehydrogenase, and a
GAPDH-derived sequence is used as a synthetic tag appended to a 16S primer.
Additionally, the divergence of this tag from microbial sequences should be justified to
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ensure specificity. There is also an inconsistency in primer naming (e.g., "GAPDH F" vs
"ACTF" in the figures), which should be corrected.

We sincerely thank the reviewer for this important comment. We agree that the phrase
“GAPDH F-labeled 16S rRNA genes” could be confusing, as it may be misinterpreted as
targeting the GAPDH gene rather than the 16S rRNA gene. We have revised the manuscript to
avoid this ambiguity and to provide clear justification for the use of the GAPDH tag. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) is a human housekeeping gene. Its forward
primer sequence (GAPDH F: 5'-CAT TGG CAA TGA GCG GTT C-3') was used as a synthetic tag
appended to the 16S primer because (i) no homologous sequences exist in soil DNA
(confirmed by PCR), and (ii) its melting temperature is compatible with the reverse primer.
This tag allows specific tracking of exogenous DNA without interference from native soil
sequences.

Throughout the manuscript, ambiguous phrases such as “GAPDH F-labeled 16S rRNA genes”
have been replaced with more precise terms, “GAPDH F-tagged 16S rRNA gene amplicon
fragments” clarifying that the tag is an appendage and not the amplification target.

We have checked the entire manuscript and confirm that “ACTF” does not appear anywhere.
To avoid confusion, the primer is now consistently referred to as “GAPDH F” in all figures,
legends, and text.

L360-371

“GAPDH is a primer for a human housekeeping gene and it has no homologous sequences in
soils. Subsequently, GAPDH was selected as the label primer based on two criteria. First, this
primer was selected to avoid interference from the original soil sequences (Huang et al., 2014;
Yang et al,, 2021; Arvizu-Hernandez et al., 2025), and no detectable PCR amplification was
observed for the primer set GAPDH F-806R across all the soil DNA samples included in this
study. Second, the melting temperature (Tm) value of GAPDH F approximately matched that
of 806R. The GAPDH was incorporated only into the forward primer for several reasons.
Methodologically, adding a long linker to the degenerate reverse primer (806R) could reduce
amplification efficiency or introduce bias. Economically, single-end labeling allowed us to use
the standard reverse primer already carrying sample-specific barcodes, avoiding the costly
synthesis of a full set of dual-labeled barcoded primers. This design minimized the risk of
secondary structure and primer-dimer artifacts while maintaining sufficient specificity and
compatibility with downstream gPCR and sequencing.”

(6) Limitations of using PCR amplicons as proxies for extracellular DNA

The study uses PCR-generated amplicons to simulate extracellular DNA. While useful for
controlled comparisons, these fragments may not reflect the physicochemical diversity of
natural extracellular DNA (e.g., adsorption to minerals, fragment size variability,
protection within aggregates). This limitation should be explicitly acknowledged, and
conclusions should be framed accordingly.

We appreciate the reviewer’s constructive feedback. We fully acknowledge that using PCR-
generated amplicons to simulate extracellular DNA (eDNA) has inherent limitations in
capturing the full physicochemical diversity of naturally occurring eDNA in soils. Specifically,
we agree that PCR fragments may not replicate features such as highly variable fragment size
distributions, associations with complex cellular components (e.g., vesicles or protein
complexes), or long-term physical sequestration within soil micro-aggregates. Despite of these
limitations, the use of uniform primer-tagged PCR amplicons was a deliberate choice to
enable precise tracking of exogenous DNA degradation kinetics while eliminating
background interference from endogenous soil eDNA. This design is a prerequisite for the
high-resolution kinetic modeling of sequence-specific decay. Furthermore, in our
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bioinformatic pipeline, the 97% mapping threshold was specifically applied to minimize the
influence of stochastic sequencing and PCR errors on abundance quantification. In the
revised manuscript, these potential limitations have been addressed.

L295-299

“First, utilizing PCR-amplified 16S rRNA gene fragments as proxies oversimplifies the
structural and sequence complexity of natural soil eDNA pools. In natural environments,
eDNA varies widely in fragment length and conformation, and exhibits complex interactions
with mineral surfaces, all of which fundamentally affect degradation dynamics (Levy-Booth
et al., 2007; McKinney and Dungan, 2020).”

(7) Interpretation of sequence-specific degradation

Sequence-specific degradation rates are inferred from combining relative abundance
data with total gPCR estimates. This approach is sensitive to compositional effects,
amplification biases, and abundance-dependent detection limits. It remains unclear
whether observed differences reflect true sequence-specific degradation or
methodological artifacts. This limitation should be discussed more explicitly.

We thank the reviewer for highlighting this critical methodological point. In our study,
sequence-specific degradation rates were estimated by combining ASV-relative abundances
with total qPCR-derived 16S rRNA gene copy numbers. We acknowledge that this approach
may be influenced by compositional effects, PCR amplification biases, and abundance-
dependent detection limits. However, the degradation rate constant (k) in our study,
represents the rate of change for a specific sequence over time. Since PCR amplification
biases are generally sequence-specific and consistent across samples processed under
identical conditions, these systematic errors are mathematically canceled out when
calculating the relative change (slope) for the same ASV across a time series. Second, all gPCR
measurements were performed with three technical triplicates with standard curves to
ensure quantitative reliability. Third, relative abundances were converted to absolute
abundances using total qPCR estimates, allowing cross-taxa comparisons that reduce
compositional bias. This approach is widely recognized in microbial ecology as a robust
method. To address this concern, we have added some explanations in the revised
manuscript.

L84-86

“In this study, “sequence-specific degradation” refers to statistically significant differences in
first-order degradation rate constants (k, day b) among distinct 16S rRNA gene amplicon
sequence variants (ASVs) under identical soil and incubation conditions.”

L294-305

“Despite the high-resolution insights afforded by our methodology, several limitations should
be considered. First, utilizing PCR-amplified 16S rRNA gene fragments as proxies
oversimplifies the structural and sequence complexity of natural soil eDNA pools. In natural
environments, eDNA varies widely in fragment length and conformation, and exhibits
complex interactions with mineral surfaces, all of which fundamentally affect degradation
dynamics (Levy-Booth et al., 2007; McKinney and Dungan, 2020). Additionally, the highly
conserved nature of the 16S rRNA gene means that the nucleotide variability explored here
(e.g., GC content gradients) does not fully capture the genomic heterogeneity of entire
metagenomes (Knight et al., 2018). Consequently, our reported degradation rates indicate the
decay potential of highly accessible linear eDNA rather than a universal rate for all soil DNA
fractions. Future studies incorporating diverse metagenomic DNA, especially those with
extreme AT or GC contents, are essential for building a more generalizable predictive
framework for eDNA persistence (Morrissey et al., 2015).”
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L311-314

“While our standardized bead-beating protocol and calculation of degradation rate constants
(k) minimize systematic biases, future studies should integrate complementary viability
markers (e.g., RNA-based analyses or protein synthesis activity probes) and multi-extraction
comparisons to robustly validate these ecological patterns (Emerson et al., 2017)..”

(8) Overinterpretation of PMA-treated samples as "living communities"”

The manuscript interprets PMA-treated DNA as representing intracellular or "living”
microbial communities. While PMA is useful, this interpretation should be treated with
caution in soils. PMA efficiency can be affected by soil matrix complexity, DNA adsorption
to particles, incomplete light penetration, and permeability of compromised cells.
Importantly, no validation of PMA efficiency is presented.

We thank the reviewer for this important caution. We agree that interpreting PMA-treated
DNA as representing “living” or “intracellular” communities is an overstatement in soil
systems. In the revised manuscript, we no longer describe PMA-treated DNA as a direct proxy
for the “living community,” but instead refer to it as the “PMA-treated prokaryotic
community”.

Although we did not directly validate PMA efficiency in this study, we used a standardized
PMA protocol that has been widely applied in microbial ecology, and our goal was to obtain a
comparative estimate of the influence of extracellular DNA on community analysis across
soils under a consistent methodological framework. Based on previous studies (Carini et al,,
2016; Du et al., 2025), which found that in similar soil types, PMA treatment can significantly
reduce the interference of extracellular DNA and alter the community structure, this
indirectly proves the effectiveness of this technique.

Nevertheless, we agree that future studies should include explicit validation controls, such as
live/dead cell mixtures, heat-killed controls, or soil-specific PMA efficiency tests, to better
quantify method performance across diverse soil matrices. We have added a dedicated
paragraph in the "Methodological Considerations and Limitations" section to discuss how soil-
specific properties (e.g., turbidity, adsorption capacity) might lead to incomplete exclusion of
extracellular DNA, thereby advising a more cautious interpretation of the "viable"
community data.

L496-500

“To inhibit amplification of eDNA, soils were incubated with propidium monoazide (PMA), as
described previously (Carini et al., 2016). Upon photoactivation, eDNA can form covalent
bonds through cross-linking, leading to the inhibition of its PCR amplification. In contrast,
microbes with intact cell membranes exclude PMA, and their DNA is not cross-linked with
PMA, and remains amenable to PCR amplification.”

L294-305

“Despite the high-resolution insights afforded by our methodology, several limitations should
be considered. First, utilizing PCR-amplified 16S rRNA gene fragments as proxies
oversimplifies the structural and sequence complexity of natural soil eDNA pools. In natural
environments, eDNA varies widely in fragment length and conformation, and exhibits
complex interactions with mineral surfaces, all of which fundamentally affect degradation
dynamics (Levy-Booth et al., 2007; McKinney and Dungan, 2020). Additionally, the highly
conserved nature of the 16S rRNA gene means that the nucleotide variability explored here
(e.g., GC content gradients) does not fully capture the genomic heterogeneity of entire
metagenomes (Knight et al., 2018). Consequently, our reported degradation rates indicate the
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decay potential of highly accessible linear eDNA rather than a universal rate for all soil DNA
fractions. Future studies incorporating diverse metagenomic DNA, especially those with
extreme AT or GC contents, are essential for building a more generalizable predictive
framework for eDNA persistence (Morrissey et al., 2015).”

Minor Comments

(1) Line 79: Provide examples of how extracellular DNA contributes to nutrient cycling
(e.g., P, N sources) and signal transduction (e.g., horizontal gene transfer).

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have added
specific examples to clarify how extracellular DNA contributes to nutrient cycling and signal
transduction. Specifically, we now note that extracellular DNA can serve as a source of
phosphorus and nitrogen following enzymatic degradation, thereby contributing to soil
nutrient turnover. We also clarify that extracellular DNA plays an important role in
horizontal gene transfer, acting as a genetic reservoir that can be taken up by competent
microorganisms and thereby facilitating the spread of functional traits such as antibiotic
resistance. These examples have been added to improve the clarity and biological context of
this statement.

L48-52

“EDNA serves as a critical vector for horizontal gene transfer (HGT), facilitating the uptake of
genetic material by competent microorganisms and promoting the spread of functional traits
such as antibiotic resistance (Liu et al., 2024). In addition, eDNA participates in soil
biogeochemical cycling because its enzymatic degradation releases bioavailable nutrients,
particularly phosphorus and nitrogen, which can be reused by soil microorganisms (Ye et al,,
2022).”

‘ (2) Line 79: Replace "for an extended period of time" with a more precise or referenced
timescale.

We agree with the reviewer. We have replaced the vague phrase with a precise timescale.
Extracellular DNA can persist in soils for months to years.

(3) Line 94: Clarify what is meant by "high-level structure” (e.g., secondary structure,
environmental association).

We thank the reviewer for pointing out this ambiguity. In the original manuscript, the phrase
“high-level structure” was not sufficiently precise. In the revised version, we have clarified
that this refers primarily to higher-order structural properties of DNA molecules, such as
secondary structure, local conformational features, and sequence-dependent interactions
with minerals or organic matter in soil. These characteristics may influence the accessibility
of extracellular DNA to nucleases and thus affect degradation rates. We have revised the text
accordingly to improve clarity and precision.

L84-104

“In this study, “sequence-specific degradation” refers to statistically significant differences in
first-order degradation rate constants (k, day_l) among distinct 16S rRNA gene amplicon
sequences (ASVs) under identical soil and incubation conditions. The potential variations in
sequence-specific eDNA degradation rates can be attributed to several factors. First,
sequence-dependent degradation can arise from differences in nucleotide composition,
particularly GC content. This influences the thermodynamic stability and base-stacking
interactions of the DNA duplex, thereby altering its accessibility to extracellular nucleases
(Marrone and Ballantyne, 2008; Wolpe and Guertin, 2022). Second, local conformational
features and the formation of potential secondary structures, such as stem-loops or hairpins,
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can create steric hindrance that protects the phosphodiester backbone. Differences in base
composition also alter the elemental stoichiometry (e.g., C: N ratio) of DNA molecules,
potentially affecting microbial preference for recycling specific sequences as nutrient sources
(Cai et al., 2006a; Buitrago et al., 2021). Third, the persistence of soil DNA is often associated
with its adsorption and protection by minerals and humus in soils (Cai et al., 2006b; Vuillemin
et al., 2017; McKinney and Dungan, 2020). Thus, sequence-dependent differences in the
physicochemical behavior of DNA molecules, including their affinity for soil minerals and
organic matter, may also contribute to variation in degradation rates among sequences (Levy-
Booth et al., 2007; Morrissey et al., 2015). Consequently, we proposed three central
hypotheses. (1) The degradation rates of eDNA amplicon fragments were expected to be
highly sequence-specific. (2) The rates and patterns of eDNA fragments degradation would be
influenced by environmental factors such as temperature and moisture content. (3) The
sequence-specific degradation of extracellular 16S rRNA gene amplicon fragments would
significantly influence estimates of soil prokaryotic abundance and diversity.”

(4) Line 111: The hypothesis is not clearly linked to the rationale. If sequence-specific
degradation is expected, clarify whether it relates to conserved vs variable regions or
structural features (e.g., stems vs loops).

We thank the reviewer for this helpful comment. We agree that the original manuscript did
not clearly link the hypothesis regarding sequence-specific degradation to its mechanistic
rationale. In the revised manuscript, we have clarified that the expectation of sequence-
specific degradation is not simply based on conserved vs variable regions of the 16S rRNA
gene, but rather on the potential for sequence differences to influence intrinsic
physicochemical properties, including base composition, local conformational features,
potential secondary structures, and motif-dependent nuclease susceptibility. These factors
may alter DNA accessibility to extracellular nucleases, providing a mechanistic basis for
sequence-specific degradation. This clarification is now reflected in the Introduction and
linked to the formal hypothesis statement.

To improve the logical flow of the manuscript, we have restructured the Introduction by
moving the three central hypotheses (H1-H3) immediately following the discussion of the
biochemical mechanisms underlying sequence-specific degradation.

L84-104

“In this study, “sequence-specific degradation” refers to statistically significant differences in
first-order degradation rate constants (k, day_l) among distinct 16S rRNA gene amplicon
sequences (ASVs) under identical soil and incubation conditions. The potential variations in
sequence-specific eDNA degradation rates can be attributed to several factors. First,
sequence-dependent degradation can arise from differences in nucleotide composition,
particularly GC content. This influences the thermodynamic stability and base-stacking
interactions of the DNA duplex, thereby altering its accessibility to extracellular nucleases
(Marrone and Ballantyne, 2008; Wolpe and Guertin, 2022). Second, local conformational
features and the formation of potential secondary structures, such as stem-loops or hairpins,
can create steric hindrance that protects the phosphodiester backbone. Differences in base
composition also alter the elemental stoichiometry (e.g., C:N ratio) of DNA molecules,
potentially affecting microbial preference for recycling specific sequences as nutrient sources
(Cai et al., 2006a; Buitrago et al., 2021). Third, the persistence of soil DNA is often associated
with its adsorption and protection by minerals and humus in soils (Cai et al., 2006b; Vuillemin
et al., 2017; McKinney and Dungan, 2020). Thus, sequence-dependent differences in the
physicochemical behavior of DNA molecules, including their affinity for soil minerals and
organic matter, may also contribute to variation in degradation rates among sequences (Levy

Li et al., 2026 eLife 15:RP110251. https://doi.org/10.7554/eLife.110251.2 39 of 58


https://doi.org/10.7554/eLife.110251.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/ecology

= eLife

Ecology

-Booth et al., 2007; Morrissey et al., 2015). Consequently, we proposed three central
hypotheses. (1) The degradation rates of eDNA amplicon fragments were expected to be
highly sequence-specific. (2) The rates and patterns of eDNA fragments degradation would be
influenced by environmental factors such as temperature and moisture content. (3) The
sequence-specific degradation of extracellular 16S rRNA gene amplicon fragments would
significantly influence estimates of soil prokaryotic abundance and diversity.”

(5) Lines 310-311: Clearly indicate which portion of the primers corresponds to the
modified (GAPDH-derived) sequence. Provide full annotated primer sequences.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we now clearly
indicate which portion of the forward primer corresponds to the GAPDH-derived synthetic
tag and which portion corresponds to the 16S rRNA gene primer sequence. We have also
provided the full annotated primer sequences in the Methods section to avoid ambiguity.

Specifically, the modified forward primer is now described as:
GAPDH-F-515F: 5'-CAT TGG CAA TGA GCG GTT C-GTG CCA GCM GCC GCG GTA A-3,

where CAT TGG CAA TGA GCG GTT C is the GAPDH-derived synthetic tag and GTG CCA GCM
GCC GCG GTA A is the 16S rRNA gene forward primer sequence (515F).

The reverse primer is:
806R: 5'-GGA CTA CHV GGG TWT CTA AT-3'.
L354-359

“Briefly, exogenous eDNA was prepared by PCR amplification using a modified forward
primer consisting of a GAPDH F tag fused to the 16S rRNA gene primer 515F, together with
the reverse primer 806R. The full primer sequences were as follows: GAPDH-F-515F: 5'-CAT
TGG CAA TGA GCG GTT C-GTG CCA GCM GCC GCG GTA A-3', in which CAT TGG CAA TGA GCG
GTT Crepresents the GAPDH F tag and GTG CCA GCM GCC GCG GTA A represents the 16S
rRNA gene forward primer sequence (515F); and 806R: 5'-GGA CTA CHV GGG TWT CTA AT-3"”

| (6) Lines 310-311: Explicitly define GAPDH and justify its use as a synthetic tag.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we now
explicitly define GAPDH as glyceraldehyde-3-phosphate dehydrogenase, a human
housekeeping gene. Specifically, the GAPDH-derived sequence was selected for two reasons.
First, it is highly divergent from known soil microbial 16S rRNA gene sequences and did not
produce detectable amplification when tested with soil DNA using the GAPDH tagged 806R
primer pair, indicating that it would not interfere with endogenous soil DNA signals. Second,
its melting temperature was compatible with that of the reverse primer, which allowed stable
amplification of the tagged 16S amplicons under our PCR conditions.

L360-371

“GAPDH is a primer for a human housekeeping gene and it has no homologous sequences in
soils. Subsequently, GAPDH was selected as the label primer based on two criteria. First, this
primer was selected to avoid interference from the original soil sequences (Huang et al., 2014;
Yang et al.,, 2021; Arvizu-Hernandez et al., 2025), and no detectable PCR amplification was
observed for the primer set GAPDH F-806R across all the soil DNA samples included in this
study. Second, the melting temperature (Tm) value of GAPDH F approximately matched that
of 806R. The GAPDH was incorporated only into the forward primer for several reasons.
Methodologically, adding a long linker to the degenerate reverse primer (806R) could reduce
amplification efficiency or introduce bias. Economically, single-end labeling allowed us to use
the standard reverse primer already carrying sample-specific barcodes, avoiding the costly
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synthesis of a full set of dual-labeled barcoded primers. This design minimized the risk of
secondary structure and primer-dimer artifacts while maintaining sufficient specificity and
compatibility with downstream qPCR and sequencing”

| (7) Line 346: Start a new paragraph to clearly separate this as a distinct experiment.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have started
a new paragraph.

| (8) Line 346: Specify the number of samples analyzed for consistency.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have now
explicitly specified the number of samples.

A total of 120 samples were analyzed in this moisture gradient experiment: 2 ecosystems
(Kaiyuan and Dashanbao) x 5 moisture levels (10%, 25%, 50%, 75%, and 100% of water
holding capacity) x 6 incubation time points (0, 1, 3, 6, 12, and 24 days) x 2 replicates. Just two
technical replicates were performed for this validation experiment, as the primary aim was
to assess the trend of moisture effects rather than statistical inference across replicates.

L408-410

“This complementary experiment included two sites, five moisture levels, six incubation time
points, and two replicates per treatment combination, resulting in a total of 120 soil samples.”

| (9) Lines 351-352: Replace "harvested" with "collected."
We have replaced “harvested” with “collected” as suggested.

(10) Line 367: Clarify how Illumina adapters and indices were added (e.g., two-step PCR,
fusion primers).

We thank the reviewer for this helpful suggestion. We have revised the Methods section to
clarify how Illumina adapters and indices were incorporated. We used a pooled amplicon
library preparation strategy. Individual samples were first amplified with primers containing
sample-specific barcode sequences. The barcoded amplicons from multiple samples were
then pooled and used for library preparation with the ALFA-SEQ DNA Library Prep Kit.
Universal Illumina-compatible adapters were first ligated to the pooled amplicons. After
bead-based purification, an indexing PCR was performed using the index primer mix, which
introduced the complete P5/P7 sequences and a library-level Illumina index into the library
molecules. Thus, sample demultiplexing was based on the sample-specific barcodes
introduced during amplicon PCR, whereas the Illumina index was used to identify the pooled
sequencing library. We have clarified this procedure in the revised manuscript.

L424-440

“The community profiles of the GAPDH F-tagged 16S rRNA gene amplicon fragments were
determined using high-throughput amplicon sequencing. Briefly, GAPDH F-tagged 16S rRNA
gene amplicon fragments from the microcosm soils were first amplified from individual
samples using GAPDH F and barcode-labeled 806R primers. The reverse primer 806R carried
a 12-bp sample-specific barcode, whereas the GAPDH F primer did not contain a barcode.
Therefore, each sample was assigned a unique barcode during PCR, which allowed sample
demultiplexing after sequencing. The PCR reaction system and thermal cycling conditions
were similar to those described above, except that the number of amplification cycles was
increased to 35 to obtain sufficient amplicon products for sequencing. The barcoded PCR
products from individual samples were purified using a GeneJET Gel Extraction Kit (Thermo
Scientific, Lithuania), quantified, and then pooled in equimolar amounts for subsequent
library construction. Sequencing libraries were prepared from the pooled barcoded
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amplicons using the ALFA-SEQ DNA Library Prep Kit according to the manufacturer’s
protocol. Universal Illumina-compatible adapters were first ligated to the pooled amplicon
products, followed by bead-based purification. An indexing PCR was then performed using
the index primer mix, which introduced the complete P5/P7 flow-cell binding sequences and
a library-level Illumina index into the pooled library molecules. The indexed library was
purified, quantified, and subjected to paired-end sequencing on the NovaSeq platform at
MAGIGENE Co., Ltd. (Guangzhou, China).

(11) Provide more detail on chimera removal, filtering thresholds, and normalization
choices.

We thank the reviewer for this helpful suggestion. The raw paired-end reads were first
merged, and primer sequences were removed using the search_pcr2 script in USEARCH.
Reads with more than two primer mismatches were discarded. Quality filtering was then
performed using fastq_filter, and sequences with quality scores below 20 were removed.
Redundant reads were collapsed using fastx_uniques. Amplicon sequence variants (ASVs)
were generated using the UNOISE3 denoising algorithm, which also performs built-in
chimaera filtering during ASV inference. In addition, ASVs with total sequence counts fewer
than 9 were excluded to reduce the influence of low-frequency noise.

L443-460

“Briefly, paired-end reads were merged using USEARCH, and primer sequences (GAPDH-F-
515F and 806R) were removed using the search_pcr2 script. Reads with more than two
primer mismatches were discarded. Quality filtering was performed using the fastq_filter
script, and sequences with quality scores below 20 were removed. Redundant sequences
were dereplicated using the fastx_uniques script. ASVs were generated using the UNOISE3
non-clustering denoising algorithm (Edgar, 2016), which infers 100% exact sequence variants
by distinguishing biological sequences from PCR/sequencing errors. ASVs with total sequence
counts fewer than 9 across all samples were removed to reduce noise. To quantify the
abundance of each ASV, an ASV table was generated by mapping the quality-filtered raw
reads back to the ASV set using the otutab command. A 97% similarity threshold was applied
for this recruitment to accommodate stochastic sequencing noise while maintaining
biological resolution. Crucially, the mapping followed a best-hit priority rule, where each
read was assigned to the ASV with the highest per cent identity within the 97% radius. This
approach ensures that reads derived from the same biological template are accurately
counted toward their respective ASV, preventing the underestimation of abundances that
would occur with exact matching while strictly preserving the single-nucleotide resolution of
the ASV framework. Taxonomic annotation of the ASVs was performed in QIIME2 with the
Silva v138 database. A total of 89322 prokaryotic ASVs were obtained. To standardize
sequencing depth across samples, the read number of each sample was rarefied to 53251
using the rarefy function in the vegan package in R.”

(12) Line 412: Rephrase to refer to 16S amplicon addition rather than 16S rRNA genes
(along the whole text), as only the V4 region is analyzed.

We thank the reviewer for this helpful suggestion. we have rephrased references to “16S
rRNA genes” to “16S rRNA gene amplicon fragments”

| (13) Ensure consistent primer naming throughout (e.g., GAPDH F vs ACTF).

We have checked the entire manuscript and confirm that only “GAPDH F” is used as the label
primer.
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(14) Finally, the manuscript would benefit from careful language editing. Several
typographical errors, grammatical inconsistencies, and unclear phrases are present
throughout. Examples include:

Misspellings such as "diffrence" (e.g., figure legends) and inconsistent capitalization.
Inconsistent terminology (e.g., "genes," "amplicons," and "fragments" used interchangeably
without clarification). Redundant or awkward phrasing (e.g., repeated use of "extracellular
16S rRNA genes"). Occasional subject-verb agreement issues and missing articles.

We sincerely apologize for the language issues. The manuscript has now undergone a
thorough language editing process by a native English-speaking colleague.

Recommendation

Major revision: The manuscript addresses an important problem and presents a
promising approach. However, key issues related to conceptual clarity, bioinformatic
consistency, statistical rigor, and interpretation of PMA-based results must be resolved.
With substantial revision and clarification, the study has the potential to make a
meaningful contribution to the field.

We sincerely thank the reviewer for the thorough, constructive, and critical evaluation of our
manuscript. We greatly appreciate the recognition that our study addresses an important
problem and presents a promising approach. We also acknowledge the key issues raised
regarding conceptual clarity, bioinformatic consistency, statistical rigor, and interpretation of
PMA-based results. We have taken these comments very seriously and have substantially
revised the manuscript accordingly, more details about the revisions are described in the
following point-by-point responses.

Reviewer #2 (Recommendations for the authors):
Editorial comments:

(1) Title: I recommend removing "across China" from the title. In many ways, the study
has nothing to do specifically with China, and you limit the broad applicability of the
study. The same work could have been done with soils from Africa, for example. Also, it
might be ok to remove 16S rRNA as well. The 16S rRNA genes are a proxy for rates of
extracellular DNA degradation, but the study isn't exactly about 16S either.

We thank the reviewer for this thoughtful suggestion regarding the title. We have revised the
title to “The overall and sequence-specific degradation of soil extracellular DNA fragments:
rates and influential factors.”

(3) L44-45: "...such as real-time PCR, high-throughput amplicon sequencing, and
metagenomic analysis...".

We thank the reviewer for this suggestion. We have revised the order according to the
suggestions of the reviewer.

L44-45

“The investigation of soil microbial abundance and diversity heavily relies on DNA-based
technologies, such as real-time PCR, high-throughput amplicon sequencing, and metagenomic
analysis.”

| (4) L48: remove "they".

We agree with the reviewer and have removed the extraneous “they”.
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| (5) L51: "noise factor"; "...persistence can lead to...".

We have revised the sentence as suggested.

| (6) L53: remove theoretical.

We have removed “theoretical”.

| (7) L58: remove "the".

We have removed "the".

| (8) L86: Is restriction digestion of DNA a likely extracellular process in soil?

We thank the reviewer for this thoughtful comment. We agree that the original wording may
have overstated the likelihood of classical restriction digestion as a dominant extracellular
process in soils. Our intention was not to suggest that intracellular restriction enzyme
systems operate directly in the soil matrix in the same manner as they do within living cells.
Rather, we aimed to indicate more generally that sequence-dependent nuclease susceptibility
could contribute to differential degradation among extracellular DNA fragments.

L87-95

“First, sequence-dependent degradation can arise from differences in nucleotide

composition, particularly GC content. This influences the thermodynamic stability and base-
stacking interactions of the DNA duplex, thereby altering its accessibility to extracellular
nucleases (Marrone and Ballantyne, 2008; Wolpe and Guertin, 2022). Second, local
conformational features and the formation of potential secondary structures, such as stem-
loops or hairpins, can create steric hindrance that protects the phosphodiester backbone.
Differences in base composition also alter the elemental stoichiometry (e.g., C: N ratio) of DNA
molecules, potentially affecting microbial preference for recycling specific sequences as
nutrient sources (Cai et al., 2006a; Buitrago et al., 2021).”

(9) L94-99: The authors might also consider the different nitrogen content of different
bases; this might also affect sequence-specific selection of DNA for degradation.

We thank the reviewer for this insightful suggestion. We agree that differences in the
elemental composition of DNA bases, including nitrogen content, may provide an additional
mechanistic explanation for sequence-dependent degradation. In the revised manuscript, we
have incorporated this point into the Introduction.

L92-95

“Differences in base composition also alter the elemental stoichiometry (e.g., C:N ratio) of
DNA molecules, potentially affecting microbial preference for recycling specific sequences as
nutrient sources (Cai et al., 2006a; Buitrago et al., 2021).”

(10) L110-112: These are not really written in hypothesis form. Also, what about a
hypothesis about degradation rates and soil type/temperature/moisture?

We thank the reviewer for this constructive critique. We have rewritten the hypotheses. To
improve the logical flow of the manuscript, we have restructured the Introduction by moving
the three central hypotheses immediately following the discussion of the biochemical
mechanisms underlying sequence-specific degradation. This adjustment ensures that the
hypotheses are directly grounded in the theoretical framework.

L99-104
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“Consequently, we proposed three central hypotheses. (1) The degradation rates of eDNA
amplicon fragments were expected to be highly sequence-specific. (2) The rates and patterns
of eDNA fragments degradation would be influenced by environmental factors such as
temperature and moisture content. (3) The sequence-specific degradation of extracellular 16S
rRNA gene amplicon fragments would significantly influence estimates of soil prokaryotic
abundance and diversity.”

| (11) L116: "GAPDH F-labeled 16S rRNA gene amplicon fragments....".

We thank the reviewer for this helpful suggestion. we have rephrased references to “16S
rRNA genes” to “16S rRNA gene amplicon fragments”

| (12)L117: "rapidly".
We agree with the reviewer and have revised.

(13) L118-120: "After a 48-day incubation period, 0.2 to 3.1% of the initial spike GADPH F-
labeled 165 rRNA gene amplicon fragments ...".

We agree with the reviewer and have revised.
| (14) L125: Spell out SEM in first usage.

We thank the reviewer for this suggestion. In the revised manuscript, we have spelled out
SEM as Structural equation modeling.

| (15) L128: I don't like the idea of putting this Figure in supplemental materials.

We thank the reviewer for this suggestion. We have moved Figure S2 (moisture gradient
microcosm experiment) to the main text as Figure 1f.

(16) L154: The term "intracellular prokaryotic abundance" is not the right term. This
makes one think of an intracellular parasite. I think you want something like:
"Approximately 40% of sequences in total soil DNA extraction NGS amplicon libraries
were derived from intact cells, while the remaining represented extracellular DNA.
Conversely, greater than 80% of observed richness was derived from intact cells." (Please
check that I stated this correctly.) I would also suggest some statistics or ranges here.

We thank the reviewer for this important terminological clarification. We agree that the term
“intracellular prokaryotic abundance” is misleading, as it could imply intracellular parasites.
In the revised manuscript, we have replaced this with a clearer description and We have also
added the across-site ranges to provide statistical context.

L163-166

“The PMA treatment revealed that intact cells accounted for approximately 40% (range: 9—
73%) of the total 16S rRNA gene copies. In contrast, over 80% (range: 27-97%) of the observed
ASV richness was associated with sequences originating from intact cells (Fig. 4a and b).”

| (17) L168: "...a significant NEGATIVE correlation was observed...".
We agree with the reviewer and have revised.
| (18) L169: "However, no significant relationship was observed...".
We agree with the reviewer and have revised.

| (19) L194-195: What about pH and temperature?
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We thank the reviewer for this comment. We agree that pH and temperature are important
environmental factors that can influence microbial DNA degradation and community
composition. However, our results (Fig. 1c) indicate that soil moisture is the most dominant
factor affecting extracellular DNA degradation. Therefore, in the revised manuscript, we have
focused the explanation primarily on soil moisture, while acknowledging that pH and
temperature may also be important influencing factors.

L208-211

“Third, environmental factors, including soil moisture, pH, and temperature, can
predominantly govern enzymatic reaction rates (He et al., 2024; Shah et al., 2024). Indeed,
strong positive correlations were observed between moisture content and eDNA degradation
rates in both the survey and microcosm experiments (Fig. 1d-f).”

| (20) L199: "findings".
We have revised as suggested.
| (21) L227-229: This sounds more like results.

We thank the reviewer for this comment. We agree that the original first sentence in L227-
229 reads more like results. Our intention was to introduce the discussion by linking
extracellular DNA to potential impacts on prokaryotic community analysis, rather than to
present specific findings at this point. We have reorganized this section as follows.

L246-248

“Accordingly, we further explored how DNA may influence prokaryotic community analyses
using PMA treatment, and significant disparities were observed between the profiles of the
total and PMA-treated soil prokaryotic communities (Fig. 4).”

| (22) L230: Need to also consider differential cell lysis during DNA extraction.

We thank the reviewer for this important comment. We agree that differential cell lysis
during DNA extraction could influence the observed community profiles, as microbial taxa
differ in cell wall composition and resistance to mechanical or chemical lysis. In the revised
manuscript, we explicitly acknowledge this limitation in the relevant section. We also clarify
that a standardized DNA extraction protocol (DNeasy PowerSoil kit) was used to efficiently
lyse a broad range of microbial taxa, but some taxon-specific lysis bias may remain. Future
studies could combine multiple lysis methods or spike-in controls to quantify and correct for
potential extraction bias.

L262-265

“However, as DNA extraction efficiency may differ between intact cells and eDNA, the actual
differences between total and living prokaryotic abundance could be smaller than those
observed in this study. Similarly, the overestimated prokaryotic richness may arise from
historically accumulated microbial taxonomic information stored in eDNA pools (Deshpande
and Fahrenfeld, 2023; Wang et al., 2024).”

L309-311

“Compounding this issue, downstream DNA recovery is subject to differential cell lysis, as
taxa with robust cell walls (e.g., Gram-positive bacteria) may resist extraction (Frostegard et
al., 1999; Albertsen et al., 2015).”
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(23) L232: Need to also consider that PMA treatment is not perfect and can be affected by
substrate, the ability of light to access DNA for crosslinking, etc.

We thank the reviewer for this important reminder. We agree that PMA treatment is not
perfect and that its efficiency can be affected by soil matrix properties (e.g., organic matter,
clay minerals) and the ability of light to penetrate the sample for DNA crosslinking. In the
revised manuscript, we have explicitly acknowledged these limitations in the discussion.

L305-314

“Second, methodological biases inherent in quantifying the intracellular community must be
acknowledged (Du et al., 2025). Although PMA treatment is widely used to exclude eDNA, its
efficiency in complex soil matrices can be compromised by limited light penetration in turbid
suspensions and competitive adsorption to soil particles (Nocker et al., 2007; Carini et al.,
2016; Heise et al., 2016). Compounding this issue, downstream DNA recovery is subject to
differential cell lysis, as taxa with robust cell walls (e.g., Gram-positive bacteria) may resist
extraction (Frostegdrd et al., 1999; Albertsen et al., 2015). While our standardized bead-
beating protocol and calculation of degradation rate constants (k) minimize systematic biases,
future studies should integrate complementary viability markers (e.g., RNA-based analyses or
protein synthesis activity probes) and multi-extraction comparisons to robustly validate these
ecological patterns (Emerson et al., 2017).”

| (24) L240: Can extracellular DNA have an ecological role?

We thank the reviewer for this thoughtful question. Yes, extracellular DNA (eDNA) does have
important ecological roles beyond being a potential bias in molecular analyses. In the revised
manuscript, we have added statements to highlight that extracellular DNA can serve as a
nutrient source (e.g., nitrogen and phosphorus) for microbes and may also contribute to
horizontal gene transfer. This emphasizes that extracellular DNA may actively influence
microbial community structure and function, in addition to its role in potentially inflating
observed abundance and richness.

L267-275

“We observed a significant correlation between eDNA degradation rates and the overall
structure of the prokaryotic community, but this relationship was absent in PMA-treated
communities (Fig. 5b). This discrepancy highlights the divergent ecological roles of
extracellular and intracellular DNA. Analyses of the total community integrate intracellular
DNA from metabolically active cells with eDNA which primarily originates from historical
microbial residues (Lennon et al., 2018). EDNA incorporates signals that likely reflect the
legacy effects of past environmental conditions (Wang et al., 2021). In contrast, the PMA-
treated community reflects transient microbial activity driven by current selective pressures.
Additionally, eDNA can serve as a nutrient source and facilitate horizontal gene transfer,
which may further shape its interactions with contemporary microbial communities (Levy-
Booth et al., 2007).”

(25) L256: Why would microorganisms selectively degrade one DNA sequence vs another?
This seems to be likely to be stochastic in terms of which sequences are taken up by
microorganisms. However, different DNA sequences might hydrolyze differently or be
otherwise damaged, and that could lead to differential degradation of a viable amplicon.
It might be interesting to incorporate long pieces of DNA with different internal primer
sites and use quantitative PCR to determine how sequences are degrading.

We thank the reviewer for this important mechanistic insight. We agree that the observed
correlation between degradation rate and sequence abundance does not necessarily imply
active microbial preference. It could equally reflect stochastic encounter rates or intrinsic
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chemical differences (e.g., AT-rich regions hydrolyzing faster). We have revised the
corresponding paragraph in the Discussion.

L279-292

“This finding suggests that abundant eDNA degrades at a faster rate compared to rare eDNA.
As mentioned earlier, this could be explained by several mechanisms. First, as soil eDNA is
subject to enzymatic degradation and microbial recycling, abundant DNA sequences may be
more likely to be encountered and degraded by extracellular nucleases simply due to their
higher copy numbers (Levy-Booth et al., 2007; Nagler et al., 2018). Similarly, if microbes
preferentially take up DNA as a nutrient source, they may degrade abundant sequences more
frequently as a stochastic consequence of higher encounter rates (Finkel and Kolter, 2001).
However, we also found that the relationships between the sequence-specific degradation
rates and the effect sizes of extracellular 16S rRNA gene amplicon fragments varied across
the study sites (Fig. S1g). The sequence-specific effect sizes of extracellular 16S rRNA gene
amplicon fragments are mainly determined by both their production and degradation rates
(Pietramellara et al., 2009; Sirois and Buckley, 2019). These inconsistent correlations
emphasize the critical role played by the production rates of extracellular 16S rRNA genes in
influencing the analysis of prokaryotic communities. Therefore, future studies should
systematically determine both the production and degradation rates of eDNA.”

| (26) L282-283: This belongs in the discussion.

We agree with the reviewer and have revised accordingly.

| (27) L289: "as well as measurements of total organic carbon".
We agree with the reviewer and have revised accordingly.

| (28) L338: Any water content for these soils?

We thank the reviewer for this comment. The water contents of soils from all study sites are
reported in Supplementary Table 2.

(29) L349-350: You mean that you measured the total soil extracted DNA and then added
1% as labeled 165?

Yes, for each soil sample, we extracted total soil DNA and quantified its concentration (ng
DNA per gram of soil). We then added exogenous GAPDH-tagged 16S amplicon fragments at
an amount equal to 1% of this total DNA concentration. This concentration was chosen to
mimic a realistic pulse of extracellular DNA input without overwhelming the endogenous
DNA pool. We apologize for any confusion caused by the imprecise wording in the original
manuscript.

L392-398

“The microcosm experiment was conducted using 30 g of soil for each sample. After pre-
incubation at 20°C for one week, each soil was thoroughly mixed with the GAPDH F-tagged
16S rRNA gene amplicon fragments and incubated further at 20°C (Fig. S8). The amount of
exogenous GAPDH F-tagged 16S rRNA gene amplicon fragments added to each soil sample
was equivalent to 1% of the total DNA concentration naturally present in that soil, as
determined fluorometrically prior to the experiment. This concentration was chosen to
approximate natural eDNA fluxes resulting from microbial lysis, ensuring experimental
relevance to in situ conditions (Table S$2).”

(30) L354: Remember that soil recovery from intact cells is going to be lower than for
extracellular DNA. So, you are probably overestimating the contribution of extracellular
DNA to the total DNA in the system.
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We thank the reviewer for this comment. We agree that DNA recovery from intact cells is
generally lower than from extracellular DNA due to differential cell lysis efficiencies.
Consequently, the contribution of extracellular DNA to total soil DNA may be somewhat
overestimated in our study. We have clarified this limitation in the revised manuscript.

L262-265

“However, as DNA extraction efficiency may differ between intact cells and eDNA, the actual
differences between total and living prokaryotic abundance could be smaller than those
observed in this study. Similarly, the overestimated prokaryotic richness may arise from
historically accumulated microbial taxonomic information stored in eDNA pools.”

L305-314

“Second, methodological biases inherent in quantifying the intracellular community must be
acknowledged (Du et al., 2025). Although PMA treatment is widely used to exclude eDNA, its
efficiency in complex soil matrices can be compromised by limited light penetration in turbid
suspensions and competitive adsorption to soil particles (Nocker et al., 2007; Carini et al,,
2016; Heise et al., 2016). Compounding this issue, downstream DNA recovery is subject to
differential cell lysis, as taxa with robust cell walls (e.g., Gram-positive bacteria) may resist
extraction (Frostegdrd et al., 1999; Albertsen et al., 2015). While our standardized bead-
beating protocol and calculation of degradation rate constants (k) minimize systematic biases,
future studies should integrate complementary viability markers (e.g., RNA-based analyses or
protein synthesis activity probes) and multi-extraction comparisons to robustly validate these
ecological patterns (Emerson et al,, 2017).”

(31) L362: Amplification efficiency is pretty low. I think you would have been better served
with GAPDH on both ends, and that would have given you a much higher efficiency qPCR.

We thank the reviewer for this comment. The actual qPCR amplification efficiency in our
assay was approximately 85%, which, although slightly below the ideal range, was still
acceptable and produced reproducible amplification curves and reliable quantification for
degradation-rate calculations.

We acknowledge that the amplification efficiency in our qPCR experiments using a GAPDH F-
labeled 16S primer on one end was suboptimal. The current design used a single GAPDH tag
at the forward primer to avoid potential amplification bias or primer-dimer formation that
could arise from extending the degenerate reverse primer. In addition, dual-end labeling
would have required synthesis of new barcode-labeled tagged primers, increasing both cost
and experimental complexity. Thanks again for the constructive comments, which provided
us with the direction for future experiment optimization.

L365-371

“The GAPDH was incorporated only into the forward primer for several reasons.
Methodologically, adding a long linker to the degenerate reverse primer (806R) could reduce
amplification efficiency or introduce bias. Economically, single-end labeling allowed us to use
the standard reverse primer already carrying sample-specific barcodes, avoiding the costly
synthesis of a full set of dual-labeled barcoded primers. This design minimized the risk of
secondary structure and primer-dimer artifacts while maintaining sufficient specificity and
compatibility with downstream qPCR and sequencing.”

| (32) L367: Not enough detail on how barcoded libraries were made. UDIs?

We thank the reviewer for this helpful comment. We have now clarified the library
preparation and indexing strategy in the revised Methods section. This amplicon diversity
sequencing used a pooled-library strategy. Individual samples were first distinguished by
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sample-specific inline barcodes introduced during the amplicon PCR step. After amplification,
barcoded PCR products from multiple samples were pooled and subjected to library
construction using the ALFA-SEQ DNA Library Prep Kit. Universal Illumina-compatible
adapters were ligated to the pooled amplicons, followed by an indexing PCR that introduced
the complete P5/P7 sequences and a library-level Illumina index. Thus, the Illumina index
was used to identify the pooled sequencing library, whereas sample demultiplexing was
performed according to the sample-specific inline barcodes. We have revised the Methods
section to make this procedure explicit.

L424-440

“The community profiles of the GAPDH F-tagged 16S rRNA gene amplicon fragments were
determined using high-throughput amplicon sequencing. Briefly, GAPDH F-tagged 16S rRNA
gene amplicon fragments from the microcosm soils were first amplified from individual
samples using GAPDH F and barcode-labeled 806R primers. The reverse primer 806R carried
a 12-bp sample-specific barcode, whereas the GAPDH F primer did not contain a barcode.
Therefore, each sample was assigned a unique barcode during PCR, which allowed sample
demultiplexing after sequencing. The PCR reaction system and thermal cycling conditions
were similar to those described above, except that the number of amplification cycles was
increased to 35 to obtain sufficient amplicon products for sequencing. The barcoded PCR
products from individual samples were purified using a GeneJET Gel Extraction Kit (Thermo
Scientific, Lithuania), quantified, and then pooled in equimolar amounts for subsequent
library construction. Sequencing libraries were prepared from the pooled barcoded
amplicons using the ALFA-SEQ DNA Library Prep Kit according to the manufacturer’s
protocol. Universal Illumina-compatible adapters were first ligated to the pooled amplicon
products, followed by bead-based purification. An indexing PCR was then performed using
the index primer mix, which introduced the complete P5/P7 flow-cell binding sequences and
a library-level Illumina index into the pooled library molecules. The indexed library was
purified, quantified, and subjected to paired-end sequencing on the NovaSeq platform at
MAGIGENE Co., Ltd. (Guangzhou, China).”

| (33) L368: Why was the # of cycles increased?

Thank you for your question. In the original manuscript (L368), we stated that the number of
PCR cycles was increased to 35. This was mainly because the exogenously added GAPDH
F-labeled 16S rRNA genes had a relatively low initial abundance in the soil and gradually
degraded during the microcosm incubation, with their copy numbers becoming particularly
low at the last time points (see Fig. 1a). To ensure sufficient PCR product for high-throughput
sequencing from samples at all time points (especially those with low abundance at later
stages), we appropriately increased the cycle number to 35.

L429-431

“The PCR reaction system and thermal cycling conditions were similar to those described
above, except that the number of amplification cycles was increased to 35 to obtain sufficient
amplicon products for sequencing.”

| (34) L372: Were sequencing adapters ligated onto the pool?

We thank the reviewer for this question. Yes, in this amplicon diversity sequencing workflow,
sequencing adapters were ligated onto the pooled amplicon products. Briefly, individual
samples were first amplified with sample-specific barcode sequences, allowing each sample
to be distinguished after sequencing. The barcoded PCR products from multiple samples were
then pooled for library construction. Universal Illumina-compatible adapters were ligated to
this pooled amplicon library using the ALFA-SEQ DNA Library Prep Kit. After adapter ligation
and purification, an indexing PCR was performed to introduce the complete P5/P7 sequences
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and a library-level Illumina index. We have clarified this pooled-library construction
workflow in the revised Methods section.

L424-440

“The community profiles of the GAPDH F-tagged 16S rRNA gene amplicon fragments were
determined using high-throughput amplicon sequencing. Briefly, GAPDH F-tagged 16S rRNA
gene amplicon fragments from the microcosm soils were first amplified from individual
samples using GAPDH F and barcode-labeled 806R primers. The reverse primer 806R carried
a 12-bp sample-specific barcode, whereas the GAPDH F primer did not contain a barcode.
Therefore, each sample was assigned a unique barcode during PCR, which allowed sample
demultiplexing after sequencing. The PCR reaction system and thermal cycling conditions
were similar to those described above, except that the number of amplification cycles was
increased to 35 to obtain sufficient amplicon products for sequencing. The barcoded PCR
products from individual samples were purified using a GeneJET Gel Extraction Kit (Thermo
Scientific, Lithuania), quantified, and then pooled in equimolar amounts for subsequent
library construction. Sequencing libraries were prepared from the pooled barcoded
amplicons using the ALFA-SEQ DNA Library Prep Kit according to the manufacturer’s
protocol. Universal Illumina-compatible adapters were first ligated to the pooled amplicon
products, followed by bead-based purification. An indexing PCR was then performed using
the index primer mix, which introduced the complete P5/P7 flow-cell binding sequences and
a library-level Illumina index into the pooled library molecules. The indexed library was
purified, quantified, and subjected to paired-end sequencing on the NovaSeq platform at
MAGIGENE Co., Ltd. (Guangzhou, China).”

| (35) L378: "Amplicon sequence variants".
We agree with the reviewer and have revised accordingly.
| (36) L380: Why were ASVs with fewer than 9 reads removed?

We thank the reviewer for this question. The threshold of removing ASVs with fewer than 9
total reads across all samples was applied to reduce noise from sequencing errors and PCR
artifacts. Our justification is supported by both the default parameters of the UNOISE3
algorithm and common practice in amplicon sequencing analysis.

The USEARCH manual specifies that the -minsize parameter in the unoise3 command defaults
to 8. This means that unique sequences occurring fewer than 8 times are discarded by the
algorithm during ASV inference, as they are unlikely to represent true biological variants.
Our threshold of 9 is slightly more conservative than the default (9 > 8), ensuring that only
ASVs with a minimal level of abundance are retained. This choice is directly aligned with the
algorithm’s intrinsic noise-filtering logic.

(37) L402: Please don't forget to discuss that PCR bias can contribute to uncertainty in the
abundance of each taxon.

Thank you for this important reminder. We agree that PCR bias (e.g., primer-template
mismatches, GC content differences, and variable amplification efficiency) can contribute to
uncertainty in the abundance estimates of each taxon. Following your suggestion, we have
now added a paragraph in the Discussion section to address this issue. We state that
sequence-specific degradation rates and PCR bias may jointly affect the accuracy of taxon
abundance estimates, and future studies should incorporate internal standards or multiplex
PCR strategies to correct for such biases. Thank you for your careful review.

L294-305
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“Despite the high-resolution insights afforded by our methodology, several limitations should
be considered. First, utilizing PCR-amplified 16S rRNA gene fragments as proxies
oversimplifies the structural and sequence complexity of natural soil eDNA pools. In natural
environments, eDNA varies widely in fragment length and conformation, and exhibits
complex interactions with mineral surfaces, all of which fundamentally affect degradation
dynamics (Levy-Booth et al., 2007; McKinney and Dungan, 2020). Additionally, the highly
conserved nature of the 16S rRNA gene means that the nucleotide variability explored here
(e.g., GC content gradients) does not fully capture the genomic heterogeneity of entire
metagenomes (Knight et al., 2018). Consequently, our reported degradation rates indicate the
decay potential of highly accessible linear eDNA rather than a universal rate for all soil DNA
fractions. Future studies incorporating diverse metagenomic DNA, especially those with
extreme AT or GC contents, are essential for building a more generalizable predictive
framework for eDNA persistence (Morrissey et al., 2015).”

(38) L414: Suggest: "To inhibit amplification of extracellular DNA, soils were incubated
with propidium monoazide (PMA), as described previously (REF). Briefly, soil (X grams)
was mixed with PMA in a total volume of Y (ml).

We thank the reviewer for this suggestion. We have revised the Methods section to provide a
clearer description of PMA treatment, specifying the soil amount (0.50 g) and the total volume
(0.5 mL).

L496-497

“To inhibit amplification of eDNA, soils were incubated with PMA, as described previously
(Carini et al., 2016).”

L505-506

“In this study, 0.50 g of soil was mixed with PMA in a total volume of 0.5 mL (40 uM PMA in
phosphate-buffered saline, PBS), while the control soil samples were mixed with PBS without
PMA.”

(39) L416: In contrast, microbes with intact cell membranes exclude PMA, and their DNA
is not cross-linked with PMA, and remains amenable to PCR amplification.

We agree and have revised.
| (40) L418-420: wording/sentence is strange and needs work.

Thank you for pointing this out. We have reviewed the sentence at L418-420 and agree that
the wording is awkward. Moreover, the content only listed the advantages of the PMA
method without acknowledging its limitations, making the statement less balanced.
Therefore, in the revised manuscript, we have deleted this sentence. The limitations of the
PMA method have been addressed in the Discussion section.

L502-503

“Currently, PMA treatment is a widely used to suppress PCR amplification of eDNA (Xue et al,,
2023; Canini et al., 2024).”

L305-314

“Second, methodological biases inherent in quantifying the intracellular community must be
acknowledged (Du et al., 2025). Although PMA treatment is widely used to exclude eDNA, its
efficiency in complex soil matrices can be compromised by limited light penetration in turbid
suspensions and competitive adsorption to soil particles (Nocker et al., 2007; Carini et al.,
2016; Heise et al., 2016). Compounding this issue, downstream DNA recovery is subject to
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differential cell lysis, as taxa with robust cell walls (e.g., Gram-positive bacteria) may resist
extraction (Frostegard et al., 1999; Albertsen et al., 2015). While our standardized bead-
beating protocol and calculation of degradation rate constants (k) minimize systematic biases,
future studies should integrate complementary viability markers (e.g., RNA-based analyses or
protein synthesis activity probes) and multi-extraction comparisons to robustly validate these
ecological patterns (Emerson et al.,, 2017).”

(41) L421-422: PMA treatment is a widely used method for inhibiting the enzymatic
processing of extracellular DNA (Xue, Canini).

We agree and have revised.
| (42) L425: include volume of PBA.

We thank the reviewer for this comment. We have revised the Methods section to include the
volume of PMA used

L505-506

“In this study, 0.50 g of soil was mixed with PMA in a total volume of 0.5 mL (40 uM PMA in
phosphate-buffered saline, PBS).”

| (43) L429-430: Don't use the word precipitates- use "pellets".
We agree and have revised.

(44) L433: "The abundance of 16S rRNA genes was determined using quantitative PCR
employing a LightCycler...".

We agree and have revised.
| (45) L445-: Section 4.9 - needs citations for PERMANOVA, NMDS, SEM, etc.

Thank you for your suggestion. We have added the necessary citations for PERMANOVA,
NMDS, SEM, and other methods in Section 4.9.

L531-539

Prokaryotic community structure differences among the study sites and incubation time
points were examined through non-metric multidimensional scaling analysis (NMDS),
permutation multivariate analysis of variance (PERMANOVA), and Permutational Analysis of
Multivariate Dispersion (PERMDISP) (Kruskal, 1964; Anderson, 2001). Random forest
modeling was conducted to assess the importance of environmental and soil variables in
predicting the overall degradation rates of extracellular 16S rRNA gene amplicon fragments.
Structural equation modeling (SEM) was employed to further evaluate the direct and indirect
effects of soil moisture, soil pH, MAP, and prokaryotic abundance on the overall degradation
rates of extracellular 16S rRNA gene amplicon fragments (Grace, 2006).

(46) L698: A few comments. It would be nice to know how many different 16S sequences
were tracked for differential degradation and shown in the figure.

We thank the reviewer for this helpful comment. We would like to clarify that Fig. 1A does
not track the degradation of individual 16S rRNA gene amplicon sequences, but instead
shows the overall degradation dynamics of the total added exogenous DNA pool. The data
points are derived from total 16S gene copy numbers measured via qPCR at each incubation
time point. Consequently, this quantification inherently includes all sequences present within
the added pool. The multiple lines visualized in the figure represent the collective
degradation trajectories of the entire DNA pool across different study sites
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To address sequence-level changes, we further analyzed the richness and composition of the
GAPDH F-tagged 16S rRNA gene amplicon fragments, which are presented in Fig. 2A and
related analyses.

| (47) L699: Better to use "16S rRNA gene amplicon fragment abundance"” as the term.

We thank the reviewer for this helpful suggestion. In the revised manuscript, we have
replaced the original wording with “16S rRNA gene amplicon fragment abundance” where
appropriate.

| (48) Y-axis for Figures 1A and 2A should be GAPDH-labeled, not ACTB-labeled.
We apologize for this mistake. We have corrected this error in the revised manuscript.
| (49) For Figure 1b: Why not use box plots and ANOVA for different soil types?

Thank you for your valuable suggestion. In the original Figure 1b, we used a bar plot to
display the degradation rate constants across the 30 study sites. This choice was intended to
emphasize the continuous variation among sites and their gradient relationships with
environmental factors (e.g., soil moisture, MAP), which were then used in random forest and
structural equation modeling. The bar plot better illustrates the spatial continuum of
degradation rates rather than treating ecosystem types as discrete categories.

Nevertheless, we fully agree that a boxplot grouped by ecosystem type (grassland, forest,
cropland, desert) would help readers quickly grasp the overall differences among land-use
types. In the revised manuscript, we have added a boxplot grouped by ecosystem type and
performed one-way ANOVA followed by Tukey HSD post-hoc tests (Fig. 1.). The results show
that degradation rate constants differ significantly among ecosystem types (P < 0.05).

L124-128

“The degradation rate constants of the spiked extracellular 16S rRNA gene amplicon
fragments displayed considerable variability among the study sites, ranging from 0.05 to 0.16
day! (Fig. 1b). Furthermore, we found that degradation rate constants differed significantly
among ecosystem types (Fig. 1c, P < 0.05). Specifically, cropland and forest soils exhibited
significantly higher degradation rates than grassland soils (P < 0.05).”

| (50) For Figure 2: Where are PERMANOVA and PERMDISP values for the figure?

We thank the reviewer for this comment. In the revised manuscript, we have added the
PERMANOVA and PERMDISP values corresponding to Figure 2 in the figure legend and
Results section (Fig. 2).

(51) I found Figure 2b to be hard to see. The 48-day circles are almost invisible. Difficult
to know what the authors are trying to show here, since there is so much variability
associated with soil type.

We thank the reviewer for this comment. Figure 2b is intended to illustrate the temporal
changes in microbial community structure during the incubation. The different colored
circles represent samples at different time points (1, 3, 6, 12, 24, and 48 days), showing how
communities shift over time. We apologize that in the original Figure 2bh, the 48-day samples
were nearly invisible and that the high variability among soil types obscured the intended
message. In the revised manuscript, we have added a black border around every data point,
which greatly enhances the visibility of the 48-day samples (and all time points). We now use
distinct shapes to represent different ecosystem types (grassland, forest, cropland, desert) in
the NMDS ordination, and added PERMANOVA results in both the Results section and the
figure legend (Fig. R2Db).
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| (52) Figure 4A: Y-axis need a label like "16S rRNA gene abundance".
We agree and have revised.
| (53) Figure 4B: I'd like to see a Shannon index too, not just richness.

Thank you for your suggestion. We agree that the Shannon index, which integrates both
richness and evenness, provides a valuable complement to richness alone. In the revised
manuscript, we added an analysis of the Shannon index to compare a-diversity between total
DNA (PMA-untreated) and intact cell DNA (PMA-treated) samples (Fig.4).

(54) Figure 4D: Would be good to have lines linking the intact cell vs total abundance.
Also, what about a box plot of Bray-Curtis (or similar) dissimilarity between intact cell
and total microbial analysis across the dataset?

Thank you for your suggestions. Regarding the addition of connecting lines in Figure 4D, after
careful consideration we decided not to add them for the following reason: the total and
PMA-treated communities from the same site are already coded with the same color
(different colors for different sites), which effectively indicates the pairing. Adding lines
would greatly reduce readability due to dense overlapping lines, especially given the number
of sites. Therefore, we kept the original color-based pairing design.

To address your second suggestion, we have added a bar plot showing the distribution of
Bray-Curtis dissimilarities between total (PMA-untreated) and intact cell (PMA-treated)
communities across all study samples (Fig. R3d).

(55) Figure 5B: What do correlations with p > 0.05 show? I would remove these from the
image.

We thank the reviewer for this suggestion. We agree that correlations with p > 0.05 do not
represent statistically significant relationships and may cause confusion. In the revised
manuscript, we have removed these non-significant correlations from Figure 5B.

| (56) Figure 6: "Incubations of 0, 3, 6, 12, 24, and 48 days".
We agree with the reviewer and have revised as suggested.
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