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ABSTRACT: The land application of animal manure can
introduce manure microbiome and resistome to croplands where
food crops are grown. The objective of this study was to
characterize the microbiome and resistome on and in the leaves of
lettuce grown in manured soil and identify the main transmission
routes of microbes and antibiotic resistance genes (ARGs) from
soil to the episphere and endosphere of lettuce. Shotgun
metagenomic results show that manure application significantly
altered the composition of the microbiome and resistome of
surface soil. SourceTracker analyses indicate that manure and
original soil were the main source of the microbiome and resistome
of the surface soil and rhizosphere soil, respectively. Manure
application altered the microbiome and resistome in the episphere of lettuce (ADONIS p < 0.05), and surface soil accounted for
∼81% of the microbes and ∼62% of the ARGs in episphere. Manure application had limited impacts on the microbiome and
resistome in the endosphere (ADONIS p > 0.05). Our results show that manure-borne microbes and ARGs reached the episphere
primarily through surface soil and some epiphytic microbes and ARGs further entered the endosphere. Our findings can inform the
development of pre- and postharvest practices to minimize the transmission of manure-borne resistome from food crops to
consumers.
KEYWORDS: microbiome, resistome, transmission, manure, soil, lettuce

■ INTRODUCTION

Livestock manure and poultry litter are often applied to
croplands as a soil amendment to increase crop yields.1 While
this practice reduces the need of synthetic fertilizers, it also
leads to potential risk of introducing fecal bacteria carrying
antibiotic resistance genes (ARGs) to soil and crop. For leafy
green vegetables that are eaten raw, studies have shown that
bacteria associated with both the endosphere (in leaf) and the
episphere (on leaf) may survive food processing and get
ingested by consumers.2 Hence, leafy vegetables have been
considered a potential vector of transmitting ARGs from the
environment to the human diet.3

Using quantitative polymerase chain reaction (qPCR),
studies have reported that land application of manure can
increase the diversity and abundance of ARGs in soil and
vegetables planted in soil, such as endive,4 lettuce,5,6 carrot,6

radish, and tomato.6 For example, the abundance of sul1 gene
was 160-fold greater on the surface of lettuce grown in
manure-amended soil than on lettuce grown in soil receiving
inorganic chemical fertilizers.5 Similarly, the abundance of
ARGs was 8-fold higher inside lettuce grown in soil receiving
animal manure or manure mixed with crop residues than inside
conventionally produced lettuce grown in soil receiving
chemical fertilizers.3 Hence, manure application can impact

the ARGs associated with crops. The US Food Safety
Modernization Act requires animal manure to be land applied
in a manner that avoids contact with produce or manure must
be composted prior to application.7 Better understanding
about the transmission of the manure-borne microbiome and
resistome in the soil-plant ecosystem can help minimize
contamination risk.
Recent studies report overlaps of the microbiome and

resistome among different compartments of the plant−soil
ecosystem,8−12 suggesting the possible transmission of
microbes and ARGs from soil to plants. For example, overlaps
in microbiome have been found between soil and the leaves
and flowers of grapevine;12 and between the leaf endosphere
and episphere of Espeletia plant.9 In addition, overlaps in the
resistome have been discovered between the root of lettuce
and soil amended with poultry litter;11 between the rhizo-
sphere soil and the phyllosphere of Brassica planted in struvite-
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amended soil;8 and between the rhizosphere soil and the root
of mangrove.10 These previous studies often investigated a
subset of the environmental compartments in the soil-plant
ecosystem and focused on either microbiome or resistome. In
order to link the potential risk of manure application on the
transmission of antibiotic resistance to the general public
through vegetable consumption, it is important to characterize
both the microbiome and resistome on and in vegetables (i.e.,
the episphere and endosphere) and determine how manure
microbiome and resistome may transmit to the plants through
surface soil and rhizosphere soil.
The objective of this study was to characterize the

microbiome and resistome on (episphere) and in (endo-
sphere) the leaves of lettuce grown in soil receiving beef cattle
manure and identify the main transmission routes of microbes
and ARGs from soil to the episphere and endosphere of
lettuce. We established the following hypotheses on the
transmission of microbiome and resistome to the leaves of a
leafy green vegetable following manure application: (1) land
application of livestock manure mostly affects the microbiome
and resistome of surface soil, not rhizosphere soil; (2) the
microbiome and resistome on the surface of lettuce leaves are
mostly contributed by surface soil; and (3) the microbiome
and resistome inside lettuce leaves are mostly contributed by
rhizosphere soil via root. In this study, lettuce was grown in
greenhouse under three manure treatment scenarios (i.e., soil
receiving no manure or manure equivalent to 5- and 10-year
nitrogen needs). DNA was recovered from manure, surface soil
of multiple sampling times, rhizosphere soil of multiple
sampling depths, root, as well as the episphere and endosphere
of lettuce leaves. Shotgun metagenomic approaches were
employed to reveal the microbiome and resistome in various
sample types under different treatment scenarios. In addition
to alpha and beta diversity analyses, the SourceTracker
program, which uses a Bayesian approach to estimate the
relative contributions from potential sources to a sink
environment13 based on a probabilistic mixture of the
composition of the sources,14 was used to determine the role

of surface and rhizosphere soil on the lettuce associated
microbiome and resistome. The transmission pathways
revealed in this study can help guide the development of
pre- and postharvest practices to minimize the transmission of
manure-born resistome from food crops to consumers.

■ MATERIALS AND METHODS
Greenhouse Experiments. Seeds of leaf lettuce (cultivar

Green Salad Bowl, Lactuca sativa) were planted and grown in
Rhizoboxes filled with sandy loam (22.5% silt, 15.0% clay,
62.5% sand) soil in a Biosafety Level 2 greenhouse at
University of NebraskaLincoln. Rhizoboxes were assembled
in-house following a published design.15 The air temperature
was set at 15−18 °C, and the photoperiod was set at 16 h for
lettuce. A preliminary experiment showed comparable weight
between lettuce grown in pots and in Rhizoboxes, proving no
negative impacts of Rhizobox on lettuce growth. The manure
used in the greenhouse experiment was collected in the cattle
feedlots at Eastern Nebraska Research and Extension Center in
Mead, NE. Clean quartz sand was mixed into a silty clay (60%
of silt and 40% of clay) from a farm in Lancaster County
(40.84° N, 96.66° W) to make a sandy loam soil, which was
used for lettuce growth and was referred to as original soil in
this study. Original soil was uniformly packed into each
Rhizobox, which was 30 cm in height, 20 cm in length, and 5
cm in width, to a depth of 25 cm.
Greenhouse experiments were conducted under three

treatments scenarios (Figure 1): soil receiving no manure
(C), soil receiving manure equivalent to 5-yr nitrogen need
(T5, with 4 g manure/year ×5 year = 20 g, based on manure
application rates ranging between 0.34−2.2 kg dry wt per m2

per year),5,16−18 and soil receiving manure equivalent to 10-yr
nitrogen needs (T10, with 4 g manure/year ×10 year = 40 g).
The manure was broadcast to the surface of the soil. The entire
study was replicated three times (i.e., Sep−Dec 2019, Feb−
Mar 2020 and Jun−Jul 2020). Within each round, 15
Rhizoboxes were assigned to the three treatment scenarios, 5
Rhizoboxes per scenario. Three rounds resulted in 15 replicate

Figure 1. Overview of the experimental design with manure treatment scenarios (a) and sampling strategy (b). Treatment included control (C),
manure treatment meeting 5-yr nitrogen needs (T5), and manure treatment meeting 10-yr nitrogen needs (T10). Three rounds of experiments
were conducted. Surface soil was sampled at the end of Week 1, Week 3, and Week 6, while the other types of samples were collected only at the
end of Week 6.
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soil-plant model ecosystems (5 replicates per round × 3
rounds). Within each round of experiment, the 15 Rhizoboxes
were placed randomly on greenhouse benches. The lettuce was
watered using an overhead irrigation system with deionized
water containing a general purpose 20−10−20 fertilizer by
Peters Professional (JR Peters Inc.). Daily irrigation occurred
at around 10 am. Water was filled about 1 in. deep at the top of
the rhizosphere box. Water not utilized by the plants drained
out of the Rhizosboxes through the holes at the bottom.
Seedlings were thinned to 1 plant per Rhizobox at the end of
Week 1 when seedlings were 1−2 in. tall. Lettuce was
harvested at the end of Week 6.
Sample Collection and Processing. Sample types,

sampling time and locations are shown in Figure 1 and
summarized in Table S1 of the Supporting Information (SI).
Leaves of lettuce plants were harvested by cutting below the
cotyledonary node at the soil surface using ethanol-sterilized
scissors at the end of Week 6. Microbes in the episphere and
endosphere of lettuce leaves were separately recovered. For
episphere, lettuce leaves were transported into a 50 mL
centrifugal tube with 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.11

The washing solution was centrifuged at 2800 rcf for 30 min,
and the pellets collected were stored at −20 °C until DNA
extraction.4 For the endosphere, the leaf surfaces were
sterilized by immersion in 30% hydrogen peroxide (H2O2)
for 1 min and thoroughly rinsed three times using sterilized
water to eliminate the surface bacteria.11 The leaf samples were
then treated with 70% ethanol (Ricca Chemical, Arlington,
VA) for 1 min and washed in sterilized water three times. Plant
tissues were homogenized in a blender jar containing 100 mL
of sterilized PBS (Sigma-Aldrich, St. Louis, MO) for 30 s.11

The solution was centrifuged at 2800 rcf for 30 min, and the
pellets collected were stored in −20 °C until DNA extraction.
Surface soil (i.e., top 3−4 cm) from each Rhizobox was

collected at the end of Weeks 1, 3, and 6. Soil attached to the
root were collected as rhizospheresoil samples.19,20 After the
front panel of Rhizoboxes was opened, rhizosphere soil from
different locations of the root zone (top, medium, and bottom)
was recovered by cutting the root from these locations. The
root segments were transferred to 50 mL tubes using ethanol-
sterilized tweezers. After sterilized PBS was added to the tubes,
samples were vortexed for 1 min. After roots were removed,
the remaining rhizosphere soil particles were centrifuged for 5
min at 2800 rcf. The pellets were stored at −20 °C until DNA
extraction. Caution was exercised to avoid surface soil when
the rhizosphere soils from the top root zone were recovered.
The roots were sterilized by immersion in 30% H2O2 for 30

min to eliminate the bacteria on the surface of roots and
washed with sterilized water three times. Samples were then
treated with 70% ethanol for 1 min and washed in sterilized
water 3 times.11 Washed roots were homogenized using a
blender jar containing 100 mL of sterilized PBS for 30 s.11

After centrifuging at 2800 rcf for 30 min, the root particles
collected were used for DNA extraction.
DNA Extraction and Bioinformatics Analysis. Micro-

bial DNA in leaf, root, manure, and soil (i.e., original soil,
surface soil, and rhizosphere soil) samples was extracted using
a DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Among samples from each
round, DNA was first recovered from five biological replicates

and then pooled together in an equal volume fashion to
represent the round. There was a total of 27 DNA samples
from surface soil (Table S1, 27 samples = 3 treatments × 3
rounds × 3 sampling times); 27 DNA samples from
rhizosphere soil (27 samples = 3 treatments × 3 rounds × 3
sampling locations); 9 DNA samples each from root,
episphere, and endosphere (9 samples = 3 treatments ×3
rounds).
Shotgun metagenomic sequencing was performed at the

University Nebraska Medical Center Genome Sequencing
Core facility on an Illumina NextSeq 500 (Illumina, Inc. San
Diego, CA). About 2 Gb reads (2 × 150 paired end reads) per
sample were generated. Raw reads were trimmed and filtered
using Trim Galore! and FASTQC to remove low quality reads
and adapter sequences.21 Trimmed paired-end reads were
analyzed for taxonomic classification using MetaPhlAn 3.0
using the coverage of clade-specific marker genes from the
ChocoPhlAn database.22 MetaPhlAn 3.0 was conducted with
75% of nucleotide identity threshold using default parameter
settings. The relative abundance of microbial populations was
calculated from MetaPhlAn 3.0 results as a local clade
abundance (i.e., the number of reads mapping to the clade
was estimated by multiplying the local clade abundance by the
clade’s average genome size) divided by the sum of all local
clade abundances. Also, trimmed paired-end reads were
analyzed for ARG using ARGs-OAP 2.0 with the compre-
hensive antibiotic resistance database (CARD), Structured
Antibiotic Resistance Genes database (SARG), and the
Greengenes database.23 ARGs-OAP 2.0 was conducted with
an alignment length cutoff of 75%, alignment e-value cutoff of
10−7, and alignment identity of 80%. ARG abundance
generated from ARG-OAP 2.0 were quantified using the
following equation (expressed as copy of ARG per copy of 16S
rRNA gene):24

N L L

N L L
abundance

/

/

n

1

ARG like sequence reads ARG reference sequence

16S sequence reads 16S sequence
∑=

×
×

‐

where NARG‑like sequence is the number of the ARG-like sequence
annotated as one specific ARG reference sequence;
LARG reference sequence is the sequence length of the corresponding
specific ARG reference sequence; N16S sequence is the number of
the 16S sequence identified from the metagenomic data;
L16S sequence is the average length of the 16S sequence in the
Greenenes database; and Lreads is the sequence length of the
Illumina reads. In this work we did not specifically attempt to
exclude potential chloroplast sequences in bioinformatic
analyses.
Illumina sequencing generated a total of 3756.9 million

reads after quality-filtered across 87 samples, with an average of
19.3−23.3 million reads per sample (Table S2). The numbers
of quality-filtered sequences for original soil, manure, surface
soil, rhizosphere soil, root, episphere, and endosphere samples
were 16.5−20.1, 14.3−23.0, 15.6−35.7, 15.5−35.8, 11.9−28.4,
11.9−40.8, and 12.1−24.8 million reads per DNA sample,
respectively (Table S2). The raw sequencing reads were
deposited in the NCBI database with the BioProject number
PRJNA725852.

Statistical Analysis. The taxonomic results from Meta-
PhlAn 3.0 and ARG results from ARGs-OAP 2.0 were analyzed
for alpha and beta diversity using the vegan package in R (v.
4.0.5). Principal coordinates analysis (PCoA) using Bray-curtis
distance was carried out with the vegan and ggplot2 packages in
R. Heatmap was visualized with the pheatmap package in R.
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Analysis of Variance (ANOVA) and Tukey’s honest signifi-
cance difference (HSD) were performed in R to determine
statistically significant differences. t tests were used to
determine if the mean difference between two variables was
statistically significant. The effects of manure treatment on
microbiome and resistome were tested using the function
“ADONIS” of the vegan package in R with the Bray−Curtis
dissimilarity distance matrices as inputs for 1000 permutations.
The SourceTracker function of QIIME was used to quantify

the relative contributions of environmental sources to the
microbiome and resistome in soil and lettuce.13 Five
independent runs were conducted to reduce the effect of
false predictions. The SourceTracker analysis was carried out
using the taxon data at the genus level and ARG family defined
in ARGs-OAP. Procrustes analysis was performed to test the
correlations between microbiome and resistome using the
vegan package in R with 999 permutations. Procrustes Sum of
Squares M2 (i.e., sum of squared distances between paired
points in the ordination space) and correlation coefficient r in
a symmetric Procrustes rotation were reported.

■ RESULTS
Microbiome Composition in Soil and Lettuce. Actino-

bacteria, Bacteroidetes, and Proteobacteria dominated the
original soil, manure, surface soil, rhizosphere soil, and
episphere (Figure S1). Proteobacteria dominated the endo-
sphere and root (Figure S1). The top 30 most abundant genera

across sample types are reported as a heatmap in Figure 2a.
Pseudomonas and Sphingopyxis were the abundant genera
across all sample types (Figure 2a). Compared to control,
manure application (T5 and T10) significantly increased the
abundance of Agromyces, Rhodanobacter, and Sorangium in
surface soil and episphere (t test, p values <0.05). The effects
of manure treatment on the alpha diversity of the microbiomes
in various compartments are described in the SI file and results
are shown in Tables S3 and S4. In short, manure treatment had
no significant effects on the alpha diversity indexes of sample
collected (ANOVA, p > 0.05).

Beta Diversity of the Microbiome. Principal coordinate
analysis (PCoA) was conducted to examine the beta diversity
among the microbiomes of various sample types under
different treatment scenarios using the Bray−Curtis dissim-
ilarity distance calculated at the genus level. First, the effects of
manure treatment on the microbiome of surface soil were
examined (Figure 2b). The two principal coordinates captured
30.23% and 20.95% of the total variations, respectively.
Microbiomes in surface soil of control clustered separately
from those in surface soil of T5 and T10. Adonis analyses
confirmed that manure treatment had significant effects on the
microbiomes of surface soil (R2 = 0.14, p = 0.004). In addition,
the microbiomes in surface soil differed significantly from
those in original soil and in manure (R2 = 0.18, p = 0.001).
The microbiomes of the surface soil from the control overlap
with those of original soils, while the microbiomes of the

Figure 2. A heatmap showing the top 30 most abundant genera based on average abundance across all sample type and treatment combinations
(a). Principal coordinates analysis plots depicting the Bray−Curtis dissimilarity matrices on microbiome composition at the genus level for various
sample type and treatment combinations (b−d) with ellipses represent 95% confidence intervals according to treatment (b) or sample type (c and
d). In the heatmap, T/M/B represent top, medium, and bottom of rhizosphere soil.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c02985
Environ. Sci. Technol. 2021, 55, 11102−11112

11105

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02985/suppl_file/es1c02985_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02985/suppl_file/es1c02985_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02985/suppl_file/es1c02985_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02985/suppl_file/es1c02985_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c02985/suppl_file/es1c02985_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02985?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02985?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02985?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02985?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


surface soil from treatment (T5 and T10) overlapped with
those of manure (Figure 2b).
Second, we examined the microbiomes of surface soil and

episphere under different treatment scenarios (Figure 2c).
Results show that 38.47% and 18.84% of variation could be
explained by PCo1 and PCo2, respectively. Adonis analyses
show that manure treatment had significant effects on the
microbiomes of surface soil and episphere (R2 = 0.15, p =
0.003). In addition, there was a significant difference in the
microbiome between the surface soil and episphere (R2 = 0.13,
p = 0.001), although of the microbiomes from these two
sample types overlapped.
Third, we examined the microbiomes of endosphere, root,

and rhizosphere soil under different treatment scenarios
(Figure 2d). Results show that the two principal coordinates
captured 30.83% and 17.31% of the total variations,
respectively. Adonis analysis indicates significant differences
in microbiome among sample types (R2 = 0.32, p = 0.001), as
evidenced by the separation of the rhizosphere microbiomes
from the microbiomes in root and endosphere (Figure 2d). In
addition, there was no significant impacts of manure treatment
on microbiome composition (R2 = 0.017, p = 0.932).
Resistome Composition and Abundance in Soil and

Lettuce. ARGs identified across all sample types conferred
resistance to 19 antibiotic families with abundance ranging
from 10−6 to 10−1 copy ARG per copy of 16S rRNA gene
(Figure 3a). Bacitracin, fosmidomycin, macrolide-lincosamide-
streptogramin (MLS), multidrug, and vancomycin resistance
genes were the most abundant ARG families across all sample

types. All ARG families were present in manure, while ARG
families such as chloramphenicol, fosfomycin, sulfonamide,and
Trimethoprim were only sporadically present in the original
soil.
For all types of samples tested, the total abundance of ARGs

ranged from 3 × 10−4 − 8 × 10−1 copy of ARG per copy of
16S rRNA gene. The total ARG abundance in the five sample
types (i.e., surface soil, rhizosphere soil, root, episphere, and
endosphere) was not affected significantly by manure treat-
ment (ANOVA, p = 0.211−0.851 in the last row of Table S5).
The total abundance of ARGs in surface soil (1.7 × 10−1 − 4.0
× 10−1 ARG per 16S rRNA gene), rhizosphere soil (1.9 × 10−1

− 2.4 × 10−1), and episphere (1.3 × 10−1 − 2.1 × 10−1) was
significantly higher (ANOVA and Tukey’s HSD, p values
<0.05) than that in root (9.0 × 10−3 to 1.9 × 10−2) and
endosphere (5.0 × 10−4 to 1.7 × 10−3).
ANOVA analysis shows that manure treatment had

significant effects on the abundance of select ARG families in
surface soil (Table S5, i.e., aminoglycoside, chloramphenicol,
fosmidomycin, MLS, rifamycin, sulfonamide, and tetracycline).
Tukey’s HSD analysis shows that manure application
significantly increased the abundances of these seven ARG
families in surface soil receiving manure (Figure S2, p values
<0.05). Besides, the abundances of these seven ARG families in
surface soil of T5 and T10 generally decreased over time
(Figure S2). A significant interaction between manure
treatment and sampling time existed for tetracycline resistance
genes, showing significantly lower abundance in Week 6 than

Figure 3. A heatmap showing the abundance of ARG families across different sample types and treatment scenarios (a). PCoA plots depicting the
Bray−Curtis dissimilarity matrices on resistome composition at the ARG family level for various sample type and treatment combinations (b−d)
with ellipses represent 95% confidence intervals according to treatment (b) or sample type (c and d). In the heatmap, T/M/B represent top,
medium, and bottom of rhizosphere soil.
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in Week 1 for T5 and T10 (Figure S2, Turkey’s HSD p values
<0.05).
Manure treatment had a significant impact only on the

abundance of sulfonamide resistance genes in rhizosphere soil
(Table S5, p = 0.026). In comparison, the sampling location
had a significant effect on the abundance of aminoglycoside,
chloramphenicol, fosmidomycin, rifamycin, and sulfonamide
resistance genes in rhizosphere soil (Table S5, ANOVA, p =
0.008−0.020). ARGs belonging to these antibiotic families,
except for sulfonamide resistance genes, exhibited significantly
higher abundance (ANOVA and Turkey’s HSD, p values
<0.05) in top rhizosphere soil than in middle and bottom
rhizosphere soil, respectively (Figure S3).
Manure treatment had no significant impact on the

abundance of any of the resistance gene families in root or
episphere (Table S5). In comparison, manure treatment
exhibited significant impacts on abundances of bacitracin,
fosmidomycin and rifamycin resistance genes in endosphere
(Table S5). Manure application caused significantly higher
(Turkey’s HSD, p values <0.05) abundance of bacitracin
resistance genes in T5 and T10 than in C, of fosmidomycin
resistance genes in T10 than in T5 and C, and of rifamycin
resistance genes in T5 than in T10 and C (Figure S4). Sample
type had significant impacts (ANOVA, p values <0.05) on the
abundance of nearly all the ARG families tested, except for
carbomycin, fosfomycin, and polymyxin resistance genes
(Table S5, ANOVA, p values >0.05). Finally, the effects of
manure treatment on the alpha diversity of the resistome in
various compartments is described in the SI file, and the results

are summarized in Tables S6 and S7. In short, both manure
treatment and sample type had significant effects on the alpha
diversity indexes for the resistomes characterized (Table S7,
ANOVA, p < 0.05), with significantly higher values for T5 or/
and T10 than for Control in surface soil and in episphere
(Table S6, Tukey’s test, p < 0.05).

Beta Diversity of Resistome. PCoA plots were
established to examine the beta diversity of resistomes in
various sample types under different treatment scenarios based
on the Bray−Curtis dissimilarity distance calculated at the
ARG family level. First, the effects of manure treatment on the
resistome of surface soil were examined (Figure 3b). The two
principal coordinates captured 39.32% and 22.26% of the total
variations among ARG compositions. Although the resistome
in the surface soil of control overlaps with that in the surface
soil of T5 and T10, Adonis analysis shows a significant effect of
manure treatment on the ARG composition among three
treatment scenarios (Figure 3b, R2 = 0.13, p = 0.016).
According to Adonis analyses, sample type had no significant
effects on the resistome (R2 = 0.10, p = 0.100).
Second, we examined the resistomes of surface soil and

episphere under different treatment scenarios. A PCoA plot
was established for surface soil and episphere under the three
treatment scenarios (Figure 3c). Adonis analysis shows that
manure treatment had significant impacts on the resistome
compositions for both sample types (Figure 3c, R2 = 0.11, p =
0.023). There was an overlap between the resistomes of surface
soil and the episphere, however, Adonis analyses shows that

Figure 4. Box plots showing the results of SourceTracker analysis (five runs) on the relative contribution of various sources to the microbiome of
surface soil (a, n = 16), rhizosphere soil (b, n = 16), episphere (c, n = 6), and endosphere (d, n = 6) following manure treatment (i.e., T5 and T10).
Box group with different letter represents statistically significant group (one-way ANOVA, p < 0.05).
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sample type had significant impacts on resistome composition
(Figure 3c, R2 = 0.07, p = 0.026).
Third, we examined the resistome of endosphere, root, and

rhizosphere soil under different treatment scenarios. A PCoA
plot was established for the resistomes in three sample types
under different treatment scenarios (Figure 3d). Results show
significant difference in the resistome composition among the
sample types (Adonis, R2 = 0.67, p = 0.001), consistent with
the separate clustering of three sample types in Figure 3d.
Manure treatment had no significant impact on the resistome
composition in the three sample types (Figure 3d, Adonis R2 =
0.017, p = 0.335).
Attribution of Sources to the Lettuce Associated

Microbiome and Resistome. Conceptual models were
established to test the three hypotheses by assigning the
source and sinks of the microbiome and resistome in the soil-
plant ecosystem. To test Hypothesis 1, surface soil (Figures 4a
and 5a) and rhizosphere soil (Figures 4b and 5b) were each
defined as an environmental sink, while manure and original
soil were defined as environmental sources. To test Hypothesis
2, episphere was defined as an environmental sink, while
surface soil and rhizosphere soil as environmental sources
(Figures 4c and 5c). To test Hypothesis 3, endosphere was
defined as an environment sink, while episphere and root were
defined as environmental sources (Figures 4d and 5d).
Manure was a significant source of the microbiome (average

65.6% to 66.2%) in surface soil over the 6-week growth period
(Figure 4a). The contribution of the original soil to the surface
soil was minimum, while unknown sources attributed 27.2% to

28.3% to the microbiome in surface soil. In comparison,
original soil was the main contributor to the microbiome in
rhizosphere soil (average 60.0% to 61.0%) (Figure 4b).
Manure contributed on average 10.8% to 11.4% of the
microbiome in the rhizosphere soil, while unknown sources
contributed again for 28.1% to 29.1%.
Surface soil was a significant source of the microbiome

(78.8% to 83.9%) in episphere (Figure 4c). The unknown
sources attributed 10.2% to 10.7% to the microbiome in
surface soil. Episphere was a significant contributor to the
microbiome (58.9% to 59.7%) in the endosphere. The root
contributed on average 14.0% to 14.6%, while unknown
sources contributed for 26.2% to 26.6% (Figure 4d).
The SourceTracker analyses focusing on the resistome

yielded strikingly similar results to those for microbiome.
Manure was estimated to be the biggest contributor of
resistome (83.2% to 85.2%) in surface soil (Figure 5a),
compared to original soil (12.5% to 14.6%) and unknown
sources (2.2% to 2.6%). Original soil was the biggest
contributor of resistome (70.4% to 75.6%) in rhizosphere
soil (Figure 5b). Additionally, compared to rhizosphere soil
(28.3% to 34.8%) and unknown sources (4.3% to 6.2%),
surface soil was the most significant source of resistome (58.9%
to 66.1%) in episphere (Figure 5c). For resistome in
endosphere, episphere (58.9% to 76.1%) was a more
significant source than root (22.7% to 40.0%, Figure 5d).

Figure 5. Box plots showing the results of SourceTracker analysis (five runs) on the relative contribution of various sources to the resistomes of
surface soil (a, n = 18), rhizosphere soil (b, n = 18), episphere (c, n = 6), and endosphere (d, n = 6) following manure treatment (i.e., T5 and T10).
Box group with different letter represents significant group (one-way ANOVA, p < 0.05).
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■ DISCUSSION

Overall Results from Hypothesis Testing. Manure
application clearly affects the microbiome and resistome of
both soil and lettuce (Figures 2−5). Our results support
Hypothesis 1, that is, manure application mostly affected the
microbiome and resistome of surface soil, not rhizosphere soil.
We also proved Hypothesis 2: the microbiome and resistome
associated with lettuce episphere were mainly contributed from
surface soil. However, contrary to our original idea, our
findings disproved Hypothesis 3. According to our results, the
microbiome and resistome associated with lettuce endosphere
were mainly attributed from those on episphere, not those in
root.
Microbiome and Resistomes in Surface and Rhizo-

sphere Soil. Manure application significantly altered the
composition (Figure 3c) and increased the diversity (Tables
S4 and S6) of the microbiome and resistome in surface soil. In
particular, manure application introduced sulfonamide and
tetracycline resistance genes to surface soil (Figure S5).
Increases in sulfonamide resistance genes (sul1 and sul2) was
also reported for soils receiving swine25 and dairy manure26

due to the introduction of manure-borne ARGs. Studies have
reported that manure-borne ARGs could persist in surface soil
for more than a year.26,27 The persistence of manure-borne
microbes in soil leads to their potential transmission to crop
plants.
Surface applied manure had limited impacts on the

microbiome and resistome of rhizosphere soil. The vertical
transport of manure borne microbes in soil is affected by soil
characteristics such as moisture content, nutrient level, bulk
density, and soil pore size.28 The soil used in the present study
is sandy loam containing 22.5% silt, 15.0% clay, and 62.5%
sand. The maximum concentration of manure-borne microbes
was found at 5 cm depth of sandy soil and manure-borne
microbes significantly decreased at 10 cm soil depth due to
adsorption to soil particles.29 Our previous work showed that
most of the ARGs tested were not quantifiable using qPCR
beneath the top 10 cm layer of silty clay loam following swine
manure application.30 In addition, most of the microbes that
travel vertically are expected to transport through the bulk soil,
not the rhizosphere soil.31

Microbiome and Resistome in Episphere. Similarities
in the microbiome between the surface soil and episphere have
been reported. The episphere microbiome of Brassica grown in
soil amended with struvite8 and the episphere of grapevine12

show overlaps with the soil microbiome. The manure
microbiome can impact the surface soil microbiome and
persist for an extended period of time,32−34 making them a
potential source of the microbiome on the episphere.35

The transmission of microbes from surface soil to episphere
may be accomplished through splashing and direct contact.
During overhead irrigation and rainfall events, microbes in
surface soil may get splashed onto the plant episphere.6

William et al.36 reported that overhead irrigation resulted in
more bacterial cells in the episphere of Romaine lettuce than
did drip-irrigation. In addition, direct contact between
vegetables and surface soil can occur during the entire growth
period. For example, Escherichia coli O157:H7 can adhere to
the surface of germinating lettuce seeds,37 and appear on
cotyledons and hypocotyls of lettuce seedlings grown in
manured soil when the seedlings grow and break through the
soil surface.38

Microbiome and Resistome in Endosphere. There are
several pathways through which bacteria can enter plants and
become endophytes. Bacteria from the episphere can enter the
endosphere via stomata,39 scar tissue,40 and surface wounds41

on the leaf of various kinds of vegetable. Alternatively, bacteria
can also become endophytes after entering the root from the
rhizosphere soil through breaks in the epidermis and
translocate to the edible parts of the plant.38

In this study, we specifically compared the relative
contributions of the episphere and root to the microbiome
and resistome in the endosphere using SourceTracker analysis.
We found that endospheric resistomes are transmitted chiefly
from the episphere and partially from the root (Figure 5d).
This reinforces the notion that the resistome in lettuce leaves
might transmit from both the exterior (through the episphere)
and interior (through the root) of lettuce tissue.3,4,10,11,42,43 In
our study, manure had a more significant impact on the
microbiome and resistome in surface soil than rhizosphere soil.
Therefore, we propose that the transmission route of manure−
surface soil−episphere is more important than the transmission
route of manure−rhizosphere soil−root in shaping the
microbiome and resistome in endosphere.

Plant-Associated Microbiomes. The microbiome in the
soil, manure, surface soil, rhizosphere soil, and episphere were
dominated by Actinobacteria, Bacteroidete, and Proteobac-
teria, which have been reported as the dominant members in
the microbiomes of lettuce grown in soil irrigated with
wastewater,20 and in soil receiving manure11 or biosolids.42

Pseudomonas and Sphingopyxis were the dominant Proteobac-
teria genera across all the sample types, especially in the root,
episphere, and endosphere. These two genera appeared in the
soil, leaves, flowers, and grapes of planted grapevine,12

suggesting their ability to survive a broad range of environ-
ments. Indeed, Pseudomonas has been recovered from the
root,44 episphere,45,46 and endosphere47 of lettuce. Some
species within Pseudomonas were known for their beneficial
effects to plants by solubilizing inorganic phosphate48 and
enhancing nutrient uptake.49 Pathogenic Pseudomonas species
carrying ARGs such as sul1 and sul2 were also reported in
manured soils,50,51 and are presumably able to transmit ARGs
from the soil/manure to lettuce. Sphingopyxis was commonly
found in the soils around poultry and livestock operations51

and in lettuce root.52 Some Sphingopyxis isolates recovered
from soil contained sulfonamide resistance genes.51

Microbiome vs Resistome. The microbiome and the
resistome of the soil-plant ecosystem are likely correlated.53

Procrustes test results show significant correlations between
the resistome and microbiome in the episphere and surface soil
(Figure S7a, M2 = 0.36, r = 0.80, p = 0.001) and in the
endosphere, rhizosphere soil, and root (Figure S7b, M2 = 0.40,
r = 0.77, p = 0.001). This finding is consistent with previous
studies reporting significant correlations between ARGs and
the microbiome in the rhizosphere soil of Brassica8 and soil
with manure application54 using Procrustes analysis.

Environmental Significance. We tested three hypotheses
on the transmission of manure-borne microbiome and
resistome in the soil-plant ecosystem. Compared to the
rhizosphere soil, the surface soil in croplands receiving manure
via broadcasting appears to be a more important source of
crop-associated microbiome and resistome. This highlights the
importance of prior aging to control the transmission of the
manure-borne resistome to crops. Furthermore, reduction of
transmission from the surface soil to leaf surface is
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recommended, as the leaf episphere is also an important source
of the microbiome and resistome of leaf endosphere. Hence,
irrigation practices such as subsurface drip and trickle irrigation
are recommended to reduce the overall transmission of
manure-borne microbes and ARGs to crops.
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