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Land application of beef cattle manure facilitates
the transmission of antibiotic resistance genes from
soil to lettuce
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The land application of livestock manure can have significant effects on the emergence and proliferation of
antibiotic resistance genes (ARGs) and antibiotic residues in the soil-plant ecosystem. While previous
studies have documented the effects of manure application on ARGs in either soil or plant
compartments, research addressing its impact on ARGs concurrently in both soil and plants remains
relatively limited. This study aims to assess the occurrence of ARGs in and on lettuce cultivated in soil
with beef cattle manure application. Results showed that seven ARGs (blatem, erm(B), erm(F), tet(M),
tet(O), tet(Q), and tet(X)) and one class 1 integron—integrase gene (int/1) were quantified in both soil and
lettuce compartments following manure application. The relative abundance of manure-borne tet(M),
tet(Q), and tet(X) was significantly elevated in surface soils (Kruskal-Wallis tests, p < 0.05). Notably, tet
genes increased by 1-3 orders of magnitude within the lettuce endosphere and roots, revealing
a potential transmission from soil to lettuce. In contrast, the relative abundance of blatgm, erm(B), and
erm(F) increased only in the episphere and root but not within the endosphere of lettuce. Additionally,
concentrations of tylosin in surface soil showed positive correlations with tet genes, suggesting their

potential roles in facilitating the ARG proliferation in the soil-plant ecosystem. In summary, this study
Received 9th July 2025

Accepted 20th October 2025 demonstrates that manure application promoted the transmission of manure-borne ARGs from soil to

lettuce, highlighting a potential pathway for human exposure to antimicrobial resistance through the
DOI: 10.1035/d5va00204d food chain. This finding underscores the need for the development of manure management practices to

rsc.li/esadvances mitigate ARG spread in agriculture.

Environmental significance

The land application of livestock manure facilitates the dissemination of antibiotic resistance genes (ARGs) into agricultural ecosystems, posing significant
environmental and public health risks. This study demonstrates that manure application markedly increases the abundance of ARGs (e.g., tet(M), tet(Q), tet(X))
in soil and lettuce, with certain genes enter into the edible endosphere of the plant. Since crops may serve as vectors for ARG transmission to humans, these
findings underscore a critical food safety concern, highlighting the potential entry of antibiotic resistance into the food chain.

in soil,”> and accumulate in plants.® For example, chlortetracy-
cline, sulfamethazine, and tylosin, ranged from 0.3 to 9.3

1 Introduction

While livestock manure can be used as a soil conditioner to
provide nutrients and organics to soil, the antibiotic residues
and antibiotic resistance genes (ARGs) in land applied manure
could pose environmental concerns. Ranging from pg kg™*
to mg kg~ ',* the antibiotic residues in livestock manure could
pose selective pressure on soil microbiome, shape the resistome
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ug kg™, were detected in the bulk soils and rhizosphere soils
with the land application of beef cattle manure.*
Manure-borne ARGs can persist in soil as well as accumulate
on and in crops.® Studies have shown that manure application
increased the abundance and diversity of ARGs in different part
of the receiving soil, e.g., bulk soil,* surface soil,” and rhizo-
sphere soil.* The manure-borne ARGs that persist in soil have
been reported to originate from various livestock sources,
including beef cattle manure,® swine manure® and poultry
litter.” ARGs may persist in receiving soil, because manure-
borne bacteria carrying ARGs can survive in soil.** ARGs origi-
nating from manure can transfer to soil bacteria via horizontal
gene transfer (HGT),'™"" and residual antibiotics in manure can
pose selective pressures on soil bacteria.” In order to mitigate
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the potential risk of ARGs, it is important to characterize the
prevalence and persistence of ARGs in soil after manure appli-
cation, as soil ARGs can transmit to crops that are eaten raw.’

The ARGs in soil can potentially reach the surface of the
edible parts of commercial crops and may even enter the
endosphere.” ARGs such as tetracycline (tet(A), tet(B) and
tet(T)), macrolide (erm(B) and erm(F)), and sulfonamide (sui1)
resistance genes have been detected on vegetables, e.g., carrot,
cucumber, lettuce, radish, pepper, and tomato planted in
manured soil using polymerase chain reaction (PCR).* Tetra-
cycline (tet(A), tet(C), tet(G), tet(M), tet(O) and tet(X)) and
sulfonamide resistance genes (su/1) have been detected in the
endophyte of lettuce and endive," possibly due to the trans-
mission of soil microbes carrying intrinsic ARGs to vegetable.
Endophytic bacteria isolated from celery, pakchoi, and
cucumber grown in soil fertilized with chicken litter exhibited
cephalexin resistance.’® Shotgun metagenomics have shown
that manure application can significantly affect the resistome of
soil or/and lettuce as well as the shared resistome between these
two ecological niches.”*® Still, quantitative data on the abun-
dance and distribution of ARGs across in different compart-
ments of soil and vegetables is limited.

The objective of this study was to quantify the ARGs and class
1 integron-integrase gene (intI1) in different compartments of
the soil (surface soil and rhizosphere soil) and lettuce (epi-
sphere, endosphere, and root) following the application of beef
cattle manure. The intI1 was targeted in this study because it
mediates the HGT by enabling the exchange of ARGs within
gene cassettes among bacteria, and could serve as a potential
marker of anthropogenic pollution.* In this greenhouse study,
soil and plant samples collected at various growth phases of
lettuce were quantified for ARGs using quantitative PCR (qPCR)
and for residual antibiotics using liquid chromatography with
tandem mass spectrometry. The correlations between ARGs and
intI1 as well as those between ARGs and antibiotics were
analyzed. With the results reported in the form of absolute
abundance of ARGs and antibiotics, the findings of this study
will contribute to the literature data that will support more
accurate risk assessment associated with manure application
for leaf-green vegetables at the pre-harvest stage.

2 Material and methods
2.1 Soil-lettuce ecosystems

Seeds of leaf lettuce (cultivar Green Salad Bowl, Lactuca sativa)
were grown in rhizoboxes in a Biosafety Level 2 greenhouse at
the University of Nebraska - Lincoln. Rhizoboxes (30 cm x
20 cm X 5 cm, H X L x W) were filled with sandy loam soil to
a depth of 25 cm. Soils (22.5% silt, 15.0% clay, 62.5% sand) were
prepared by mixing clean quartz sand into a silty clay soil from
a farm near Lincoln, NE. The mixed sandy loam soil was defined
as original soil in this study. The manure used in the green-
house experiment was collected from the beef cattle feedlot at
the Eastern Nebraska Research, Extension and Education
Center in Mead, NE. The manure was broadcast to the surface of
the original soil in greenhouse.
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Greenhouse experiments were established with three treat-
ment scenarios involving varying amounts of manure: soil
without manure as control (Con), soil with manure equivalent
to 5 yr nitrogen need (T5, with 4 ¢ manure per year x 5 year =
20 g, equivalent to 0.52 kg dry weight per m* based on manure
application rates ranging between 0.34 and 2.2 kg dry weight
per m” per year according to ref. 20), and soil with manure
equivalent to 10 year nitrogen needs (T10, with 4 g manure per
year x 10 year = 40 g). The entire experiment was replicated
three rounds (i.e., Sep-Dec 2019, Feb-Mar 2020, and Jun-Jul
2020). Within each round, 15 rhizoboxes were allocated to the
three treatment scenarios, with 5 rhizoboxes per scenario. Thus,
three rounds resulted in 15 biological replicate soil-plant model
ecosystems (5 replicates per round x 3 rounds). For each round
experiment, the greenhouse was maintained at air temperature
of 15-18 °C with 16 h of photoperiod for lettuce. The lettuce was
watered using an overhead irrigation system with deionized
water containing supplemental nutrients. Details of the green-
house experiments were descried in our previous work.®

2.2 Sample collection and DNA extraction

Samples were collected from the original soil and manure on
week 0, from surface soil within the rhizoboxs in week 1, 3, and
6, and from rhizosphere soil as well as leaf and root of lettuce in
week 6. Genomic DNA was extracted from 0.3-1.0 g of the
samples using the DNeasy PowerSoil Kit (Qiagen, Hilden, Ger-
many). In total, 15 x 3 = 45 biological replicates were generated
for both surface soil and rhizosphere soil. Microbes associated
with lettuce were collected from the episphere and endosphere
of lettuce leaves and from lettuce roots at the end of week 6. To
collect microbes from the episphere, lettuce leaves were har-
vested by cutting below the cotyledonary node at the soil surface
using ethanol-sterilized scissors. In total, 5 biological replicates
were generated for both episphere and endosphere of lettuce.
Lettuce leaves were then transported into a 50 mL centrifugal
tube and submerged in 45 mL autoclaved phosphate buffered
saline (PBS) containing 0.02% Tween 20. The solutions were
mixed on a vortex mixer for 1 min and then were shaken at
200 rpm at 30 °C for 2 h to recover bacteria from leaf surface.
The washing solution was then centrifuged at 2800g for 30 min,
and the resulting pellets were stored at —20 °C until DNA
extraction.”* To recover endospheric microbes, the leaf
surfaces were pretreated with 30% hydrogen peroxide (H,0O,) for
1 min and then rinsed three times using sterilized water. The
leaf samples were further treated with 70% ethanol (Ricca
Chemical, Arlington, VA) for 1 min and washed in sterilized
water three times to eliminate the surface bacteria. The treated
leaf samples were homogenized in a blender jar containing
100 mL of sterilized PBS (Sigma Aldrich, St. Louis, MO) for 30 s.
The solution was then centrifuged at 2800 g for 30 min and the
pellets collected were stored in —20 °C until DNA extraction.*
Rhizosphere soil was recovered from different locations of
the root zone (top, medium, and bottom) at the end of week 6.
The root segments from different rhizobox location were
transferred to 50 mL tubes using ethanol-sterilized tweezers.
After adding sterilized PBS to the tubes, samples were vortexed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for 1 min. The solutions with rhizosphere soil particles after
removing roots were centrifuged for 5 min at 2800 g. The pellets
were stored at —20 °C until DNA extraction.

Lettuce roots were recovered from the rhizoboxes. To elimi-
nate surface bacteria from the roots, the roots were sterilized by
immersion in 30% H,0, for 30 min and then washed with
sterilized water three times. Samples were then immersed in
70% ethanol for 1 min and washed in sterilized water 3 times.
The washed roots were homogenized using a blender jar con-
taining 100 mL of sterilized PBS for 30 s, and resulting solution
was centrifuged at 2800 g for 30 min to collect the root particles
for DNA extraction.***

2.3 ARG quantification

gPCR was performed to quantify the copy numbers of the 16S
ribosomal RNA (rRNA) gene, the class 1 integron-integrase gene
(intI1), and ARGs including B-lactamase (blargy), macrolide
(erm(B) and erm(F)), and tetracycline (tet(O), tet(Q), tet(M) and
tet(X)) resistance genes on an Eppendorf Realplex2 thermo-
cycler (Eppendorf, Hamburg, Germany). The selected ARGs
were commonly found in soil with application of animal
manure.**** Each 20 uL qPCR reaction mixture contained 10 pL
of 2x KiCqStart® Universal SYBR® Green ReadyMix™ (Sigma-
Aldrich, St. Louis, MO), 1 uL each of forward and reverse
primers (0.2 pM), 7 pL molecular-grade water (Sigma-Aldrich,
St. Louis, MO), and 1 pL DNA template.® Primer sequence
was listed in Table S1. The thermal cycling of qPCR amplifica-
tion includes 2 min of initial denaturation at 95 °C, 40 cycles of
the denaturation at 95 °C for 15 s, annealing at specific
temperature for 15 s, extension at 72 °C for 20 s, melting curve
for 45 s (95 °C for 15 s, 60 °C for 15 s and 95 °C for 15 s). The
annealing temperature for the 16S rRNA, blargy\, erm, intIl, and
tet genes were listed in Table S1. All qPCR runs had an ampli-
fication efficiency between 90% and 110% with an R*> >0.95.
Genes quantified in less than fifty percent of the technical
replicates were considered false positives and were removed
from the analysis. Each gene was quantified in duplicate with
a standard curve and negative control. Results were reported as
absolute abundance (copies per g dry weight (dw)) and relative
abundance (copies per 16S rRNA gene copies), respectively.

2.4 Antibiotic analyses

Antibiotics in original soil, surface soil and manure were
quantified using methods described in a previous study.>® For
each round, surface soils from five replicates were mixed to
form a composite sample for each treatment scenario. Briefly,
soil and manure samples (1 g) were weighed in 50 mL centrifuge
tubes and mixed with 20 mL of acetonitrile and 15 mL of
Mcllvain-EDTA. Surrogate was added to monitor extraction
efficiency. Tubes were shaken on a Burrell Wrist-Action Shaker
(Cole-Parmer, Vernon Hills, IL) and equilibrated for 30 min and
centrifuged for 10 min at 2000g. The supernatant was decanted
into a Labconco RapidvVap™ evaporation tube (Labconco,
Kansas City, MO). The process was repeated with 20 mL of
acetonitrile and 15 mL of Mcllvain-EDTA. All extracts were
combined, evaporated at 25 °C to approximately 20 mL on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a Rapidvap Vacuum Dry Evaporation Systems (Labconco, Kan-
sas City, MO), mixed with deionized water to a final volume of
50 mL. Aqueous extracts were loaded onto a 200 mg Waters
Oasis HLB solid phase extraction (SPE) cartridge (Waters, Mil-
ford, MA) aspirating at a rate of no more than 1 mL min~". SPE
cartridges were eluted with 10 mL of acetonitrile. Purified
extracts were evaporated under nitrogen to 50 puL, mixed with
100 pL of an internal standard solution, transferred to an
autosampler vial, and stored at —20 °C.

Chlortetracycline, lincomycin, monensin, sulfamethazine,
and tylosin in extracts were analyzed on a Waters Quattro Micro
triple quadrupole mass spectrometer coupled with a Waters
2695 high pressure liquid chromatography (Waters, Milford,
MA). Target compounds were chosen based on the antibiotic
usage data from the cattle feedlot and expected persistence or
chemical properties of the parent compounds. Demeclocycline
and sulfachloropyridazine were used as surrogates, while
sulfophenyl-">Cg and doxycycline were used as internal stan-
dards. Recoveries determined using sterile sand were 102 £
39% for chlortetracycline, 18 + 15% for lincomycin, 48 £ 30%
for monensin, 108 + 50% for sulfamethazine, and 162 + 60%
for tylosin.

2.5 Statistical analyses

Kruskal-Wallis rank sum tests were performed in R to deter-
mine statistically significant differences among different treat-
ment scenarios. Multiple pairwise comparison using Dunn's
post hoc test was used to identify which treatment scenarios are
different, if there was a significant difference based on Kruskal-
Wallis test result. Cliff's Delta values (6) from Dunn's post hoc
test were reported to indicate the effect sizes. ¢ tests were used to
determine if the mean difference between two treatment levels
was statistically significant. Spearman's correlation analysis was
performed in R to test the correlations between ARGs and intI1,
and between ARGs and antibiotics.

3 Results and discussion

3.1 ARGs and intI1 in original soil and manure

The abundances of the total 16S rRNA gene were 7.02 x 10° and
1.36 x 10° copies per g dw in original soil and manure,
respectively (Fig. S1a). The relative abundance of blargy, tet(M),
tet(O) and intI1 in the original soil ranged from 5.09 x 10> to
1.25 x 10 * copies per 16S rRNA gene copy (Fig. S1b). The other
ARGs were below the detection limits in soil. Seven targeted
ARGs and intll were quantifiable in manure, with relative
abundance ranging from 1.48 x 10™* to 5.88 x 10> copies per
16S rRNA gene copy (Fig. S1c). tet(M), tet(O) and tet(Q) were the
most abundant ARGs in manure samples.

3.2 ARGs and intI1 in surface soil after manure application

The relative abundance of targeted ARGs and int/1 in surface
soil were quantified to be in the range of 3.18 x 10~ to 2.44 x
10" copy per 16S rRNA gene copy (Fig. 1). T5 and T10 had
comparable abundances of blargy, erm(B), erm(F), intll and
tet(O) to control. Manure application resulted in significantly
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Fig. 1 Relative abundances of (a) blatgm. (b) erm(B), (c) erm(F), (d) intl1, (e) tet(M), (f) tet(O), (g) tet(Q), and (h) tet(X) in surface soil at different
sampling time (W1: week 1, W3: week 3, W6: week 6). The upper and the lower whiskers represent the maximum and minimum values, the upper
and the lower sides of the box represent 75% and 25% percentile of values, open square represents the mean value, and the line in the box
represents the median value (Con: n = 6; T5 and T10: n = 9). Box group with different letter indicates significantly difference according to
Kruskal-Wallis and multiple pairwise-comparison between control and treatment scenarios (p < 0.05).

higher relative abundances of tet(M), tet(Q), and tet(X) (Kruskal-
Wallis test, p < 0.05). Sampling time had no statistically
significant effects on the relative abundance of the tested ARGs
and intI1 (Kruskal-Wallis test, p > 0.05). Thus, manure appli-
cation resulted in enrichment of tet genes in surface soils,
whereas no enrichment was observed for bla and erm genes.

Targeted ARGs and intI1 were all quantifiable in surface soil
under the three treatment scenarios, with the absolute abun-
dance from 4.09 x 10® to 9.86 x 10° copies per g dw (Fig. S2).
Manure application had significant effects (Kruskal-Wallis test,
P < 0.05) on the absolute abundance of int/1 and all targeted
ARGs except for blargy. Pair-wise comparisons between treat-
ments show that the absolute abundances of ARGs and intI1 in
T5 and in T10 were significantly higher than those in control (in
Kruskal-Wallis test, p < 0.05). For example, the absolute abun-
dance of tet(M) was 2-3 orders of magnitude higher in T10 than
control. Throughout the growth period, the average absolute
abundance of ARGs and intI1 in surface soil tended to decrease
(Fig. S2). The average absolute abundance of tet(Q) in T10
decreased from 8.9 x 10° copies per g dw at week 1 to 9.8 x 10°
copies per g dw at week 6.

The abundance of ARGs in surface soil tend to increase
following the application of beef,*® pig,>” and chicken manure.?®
The sustained, elevated levels of tet and intI1 genes in manured
soil were attributed to either the survival of manure-borne
bacteria carrying ARGs in surface soil* or the enrichment of

2130 | Environ. Sci.: Adv, 2025, 4, 2127-2137

ARG-carrying bacteria in soil due to the selective pressure
exerted by the antibiotic residues in manure.*®

The two erm genes were not detectable in the original soil
(Fig. S1a and b) but were detected at low absolute abundance in
the surface soil of the control rhizoboxes after 1 week (Fig. S2b
and c), suggesting that the erm abundance increased in soil
during the course of the study. The increase in erm gene
abundance observed during the study may be attributed to the
activation of indigenous soil-borne microbes and/or potential
minimal aerosol transfer** from manured to unmanured soils.
Even though, the erm abundance were observed to significantly
higher in T5/T10 compared to control. By week 6, the relative
(Fig. 1) and absolute (Fig. S2) abundance of bla and erm genes in
treated soil was lowered to the similar levels for the control soil
(Fig. 1). That is, the relative abundance of manure-borne erm
genes returned to the baseline level (the level in control exper-
iments) within 6 weeks in this study. Previous studies have also
demonstrated that the relative abundance of erm(F) genes
returns to the baseline after 6 weeks in soil with dairy manure
slurry,® while the relative abundance of tet and erm genes
returned to the baseline after 2 to 6 weeks in soil with dairy and
swine manure.* The reduction of bla and erm might be attrib-
utable to die-off of manure bacteria carrying these ARGs and the
decay of extracellular DNA released from dead cells.>>**

The relative abundances of tet(M), tet(Q), and tet(X)
remained approximately 1-2 orders of magnitude higher in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treated soil than those in control soils at Week 6 (Fig. 1).
Together with the results that relative abundances of tet genes
in manure were much higher than that in original soil (Fig. S1b
and c), these results indicate that manure-borne tet genes could
persist in soils. This may be due to the broad range of bacterial
hosts of tet genes. For instance, tet(M) and tet(O) have been
identified in Enterococcus spp.,*®* Campylobacter jejuni,*® and
Clostridium septicum from beef cattle manure.*”

3.3 ARGs and intI1 in rhizosphere soil

The relative abundance of quantifiable ARGs and int/1 in
rhizosphere soil ranged from 8.43 x 10~7 to 4.19 x 10> gene
copies per 16S rRNA gene copy (Fig. 2). blarem, erm(B), tet(M),
tet(O) and tet(Q) were consistently detected in the rhizosphere
soil samples of T5 and T10, but not in the control. Manure
treatment caused significantly higher relative abundance of
tet(M) (Fig. 2e) and tet(Q) (Kruskal-Wallis test, p < 0.05, Fig. 2g).
Sampling location had no significant effects on the relative
abundances of ARGs and intI1 (Kruskal-Wallis test, p > 0.05).
The absolute abundance of ARGs and in¢1 in rhizosphere
soil ranged from 3.81 x 10 to 1.37 x 10° copies per g dw
(Fig. S3). Manure application resulted in 1-3 orders of magni-
tude higher of te¢t(M) in T10 than that in control (Fig. S3). The
abundances of the tested tet genes were elevated in the top
rhizosphere soils. erm(B) was not quantifiable in control but was
quantifiable in top rhizosphere soil of T5 and T10. Sampling
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location significantly affected the absolute abundances of
blargm, erm(F), intIl, tet(M) and tet(O), with significant higher
abundance in top rhizosphere soil than that in bottom rhizo-
sphere soil (Kruskal-Wallis test, p < 0.05).

Sampling locations had significant effects on the absolute
abundance of ARGs (e.g., blargy, intIl, tet(M) and tet(O)) in
rhizosphere soil in the present study (Fig. S3). This observation
might indicate that vertical ARG transmission was limited. This
vertical ARG transmission dependent on soil characteristics,***
animal manure types,'® and concentrations of antibiotics at
different soil depths.”® Irrigation water containing nutrients
and the manure were both applied to the surface soil. There was
likely a nutrient gradient in soil profile which lead to fewer ARG-
carrying bacteria residing in the bottom layer of the
rhizosphere.?®

3.4 ARGs and intI1 in the episphere, endosphere, and root of
lettuce

Manure application caused elevated relative abundance of ARGs
associated with lettuce, more in episphere than in root and
endosphere. When ARGs were normalized to the 16S rRNA
gene, endosphere had lower relative abundances (9.99 x 10~°-
6.64 x 10~ gene copies per 16S gene copy) of ARGs and intI1
than those in episphere (2.47 x 107%-1.31 x 10~ gene copies
per 16S rRNA gene copy) and root (1.01 x 107 ’-1.57 x 10>
gene copies per 16S rRNA gene copy) (Fig. 3). In endosphere
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(Fig. 3a), the relative abundances of tet(O), tet(Q) and tet(X) were
significantly (¢-test, p < 0.05) higher in T10 compared to control.
In episphere (Fig. 3b), the relative abundances of most targeted
ARGs and intI1 were significantly (¢-test, p < 0.05) higher in T5 or
T10 than in control. In root (Fig. 3c), T10 and T5 had significant
higher (#test, p < 0.05) abundance of ARGs except for tet(M),
compared to control. The data in Fig. 3 show that manure
application led to the transmission of tet genes from soil to
lettuce, resulting in elevated abundances of tet genes in epi-
sphere and root of lettuce.

The absolute abundance of targeted ARGs ranged from 3.05
x 10% to 2.05 x 10* copies per g dw in endosphere, 3.30 x 10* to
2.81 x 10° copies per g dw in episphere, and 3.10 x 10? to 2.09
x 10" copies per g dw in root (Fig. S4 and 3). Comparable 16S
rRNA gene copies (10%-10° copies per g dw) were found in three
treatment scenarios (Fig. 3). The absolute abundance of detec-
ted ARGs in different compartments of T5 and T10 was 1-3
orders of magnitude higher than the corresponding compart-
ments in control, i.e., tet(O), tet(Q) and tet(X) genes in endo-
sphere, erm(F), tet(M), tet(O) and tet(X) genes in episphere,
blargm, erm(B) and erm(F) genes in root (Fig. S4).

The present study analyzed ARGs in different compartments
of a soil-plant ecosystem, enabling an opportunity to reveal the
transmission of ARGs. The ARGs on and in plants generally
originated from surface soils,***! e.g., tet(M), tet(Q) and tet(X) in
endosphere and episphere (Fig. 3a and b), suggesting that
manure-borne ARGs that survived in surface soil might be the
source of ARGs on/in lettuce. tet(M), tet(Q) and tet(X) were also
detected in lettuce endosphere and soil (~10"-10”) amended

2132 | Environ. Sci. Adv, 2025, 4, 2127-2137

with poultry litter”** and swine manure.” While previous studies
revealed the presence of tet genes in soil or lettuce, our study
provided the first comprehensive analysis of tet genes across
multiple compartments of the soil-plant continuum. The
nutrients in manure contribute to the production of capsular
polysaccharides and exopolysaccharides, which play important
roles in the interactions between episphere Escherichia coli and
plant surface.*” Bacteria surviving in the episphere may have
a chance to enter the endosphere.” Human pathogens such as
Salmonella can internalize into plants through injured stems,
leaves, and flowers.** Together, the tet genes detected in endo-
sphere and episphere of lettuce (Fig. 1) as well as in surface soil
suggested that manure-borne tet transferred from surface soil to
the lettuce episphere. The transfer of ARGs from surface soil to
the episphere is likely to occur through splash and physical
contact.*® Subsequently, the episphere ARGs may enter the
lettuce endosphere through openings such as stomata or
hydathodes. These transmission pathways are supported by
source tracker and metagenomic analysis in previous study,
which revealed that ARGs in surface soil was sources of ARGs in
episphere and endosphere compartments of lettuce.®
Similarly, tet genes can transmit via the under-ground route:
manure-rhizosphere soil-root. This was suggested by signifi-
cantly elevated abundances of tet genes in rhizosphere soil and
root following manure application. Internalization of microbes
into root often involves the recruitment of microbes to the
vicinity of the root followed by the entry of microbes into the
root.** This mechanism cannot be ruled out in the current
study. The proposed transmission mechanism or pathways

© 2025 The Author(s). Published by the Royal Society of Chemistry
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warrant further investigation by employing techniques such as
stable isotope probing or metagenomics.

The bla and erm genes were significantly enhanced in epi-
sphere following manure application (Fig. 3b), while no signif-
icant difference was observed between the control and T5 or T10
in the endosphere (Fig. 3a). This observation indicates that erm
and bla genes in endosphere were likely derived from soil-borne
microbes. However, erm was not detected in original soils
(Fig. S1). Plant seeds are a possible source of ARGs in endo-
sphere here, as demonstrated in the soil-rice ecosystem.*’
Interestingly, bla and erm abundances increased significantly in
roots, compared to control, after manure application (Fig. 3c).
Roots can recruit ARG-carrying bacteria from rhizosphere soil,
allowing the transmission of ARGs from soil to lettuce.**® This
is consistent with the elevated bla and erm levels in the rhizo-
sphere soil (Fig. 2b and c). blargm, erm(B) and erm(F) have
seldom been quantified in the produce roots. One study
provided qPCR-based evidence showing that the presence of
blargy in lettuce roots that may originated from layer chicken
manure.*” How erm and bla genes transmit from soil to root of
lettuce remain to be investigated in the future.

3.5 Antibiotic residual in surface soil

The antibiotic concentrations in original soil, manure, and
manured soil were determined (Fig. 4). Four antibiotics, ie.,
lincomycin, monensin, sulfamethazine, and tylosin, were
detected in manure (Fig. 4a and b). The mean concentrations in
manure were 13.45 £ 0.03 ng g~ dw for monensin, 49.67 = 0.07
ng g " dw for tylosin, 0.11 + 0.04 ng g~ dw for lincomycin, and
0.06 & 0.05 ng g~ * dw for sulfamethazine. The concentrations of
all four antibiotics in original soil were lower than 0.10 ng
g dw.

In surface soil, monensin and tylosin were the most abun-
dant antibiotics, with concentrations ranging at 0.13-14.50 ng
g~ ' dw (Fig. 4d) and at 0.05-16.42 ng g ' dw, respectively
(Fig. 4f). The concentrations of lincomycin and sulfamethazine
were mostly below 0.10 ng g~ dw except for lincomycin of T10
at Week 3 (0.16 ng g~ dw). Manure application resulted in
significantly higher concentrations of monensin in T10 (4.34 +
0.03 to 14.15 & 0.06 ng g~ * dw) (Kruskal-Wallis test, p = 5.4 x
107>, 6 = 0.96) than that in control (0.00 to 1.47 + 0.03 ng
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¢ ' dw), and significant higher concentrations of tylosin in T10
(10.69 + 0.03 to 16.42 + 0.09 ng g~ dw) (Kruskal-Wallis test, p
=3.7 x 107%, 6 = 0.95) than that in control (0.05 & 0.04 to 2.03
+ 0.02 ng g~ ' dw). The antibiotic concentrations of manured
soil in the present study were consistent with values from
previous study showing that chlortetracycline, sulfamethazine
and tylosin was ranged from 0.3-9.3 ng g~ ' dw in the bulk and
rhizosphere soils with application of beef manure.*

Spearman correlation analysis revealed positive correlations
between antibiotic concentration and the relative abundance of
ARGs (Table 1). For example, lincomycin showed significant
correlations with tet(Q) and tet(X), and tylosin exhibited signif-
icant correlations with erm(F), tet(Q) and tet(X). These correla-
tions suggest that these antibiotics could exert selective
pressure for the emergence and proliferation of ARGs in soil,
directly or indirectly. Tylosin, in particular, exerts selective
pressure on tylosin-resistant populations and thus lead to the
increased prevalence of erm(F).*® Positive correlations were also
observed among relative abundance of ARGs, e.g., tet(X) corre-
lated with erm(B), erm(F), tet(O) and tet(Q). The significant
correlation between erm(F) and both tet(Q) and tet(X) suggests
that tylosin might co-select erm(F) as well as tet(Q) and tet(X).**
An illustrative example is the co-location of erm(F) and tet(X) on
the same transposon in the obligate anaerobe Bacteroides fra-
gilis.*® Other factors, such as undetected antibiotics in the
present study and manure-induced changes in soil properties,’
could influence ARG survival in surface soil. Further research is
needed to investigate their relationships with ARG abundance.

3.6 Environmental significance

The land application of beef cattle manure could introduce
antibiotics and ARGs to cropland. The findings of the present
study revealed the increased levels of tet in both soil and lettuce
as a consequence of beef cattle manure application. Notably,
manure-borne tet genes that persist in surface soil may
contribute to the presence of tet genes in endosphere and root
of lettuce, posing potential health risks to consumers through
the food chain. Our results further highlight the increased
likelihood of tet transmission from soil to crop through both
above- and under-ground routes. Further research is needed
particularly on the mitigation of ARGs in soils and crops under

Table 1 Spearman's correlation coefficient (p, 0.05 *, 0.01**, 0.001***) between relative abundances of ARGs and antibiotic concentrations

Lincomycin ~ Monensin  Sulfamethazine  Tylosin = blargy  erm(B)  erm(F)  intll  tet(M)  tet(O)  tet(Q)

Lincomycin
Monensin 0.82%*
Sulfamethazine 0.65 0.43

osin 0.73 0.48 0.87
blarem —0.17 —0.35 0.27 0.17
erm(B) 0.45 —0.03 0.57 0.50 0.65
erm(F) 0.63 0.50 0.67%* 0.65* 0.23 0.57
intll 0.21 0.46 0.28 0.05 0.43 0.15 0.38
tet(M) 0.50 0.40 0.33 0.50 0.37 0.48 0.72%* 0.41
tet(O) 0.18 —0.03 0.73* 0.48 0.60 0.67 0.70 0.30 0.27
tet(Q) 0.83** 0.47 0.85%* 0.80* 0.20 0.78** 0.78%* 0.16 0.47 0.65
tet(X) 0.70* 0.38 0.82%* 0.68** 0.22 0.72%* 0.80** 0.20 0.50 0.72%* 0.92%#*
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various environmental conditions and manure types, and the
quantitative assessment of ARG risks (particular in the edible
parts of lettuce) on the food safety. Correlating abundance of
ARGs in edible parts of lettuce and food safety is essential for
evaluating potential consumer risks and informing the devel-
opment of agriculture practices and food safety policy.
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