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Rhizosphere metabolites drive crop-specific distribution
of manure-derived antibiotic resistance genes
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:4 September 2025 Rhizosphere metabolites profoundly affect the microorganisms in soil-plant systems.
However, how this process drives the distribution and propagation of manure-derived
: 12 September 2025 L X i . . i
antibiotic resistance genes (ARGs) in soil-plant systems remains unclear. Herein, a pot
:29 September 2025 experiment with eight crop species was conducted to explore the effects on ARGs and
bacterial communities mediated by rhizosphere metabolites. Most ARGs were primarily
enriched in rhizosphere soils, with an abundance that was 1.24 times higher than that in non-
rhizosphere soils, while their diversity and abundance in plant roots and edible parts were
significantly reduced (p < 0.05). Plants with edible leaves (or stems), such as porret, tended to
enrich more ARGs than those with fruits, like cherry tomato. Significant differences were
observed in rhizosphere metabolites among different crops, among which lipid metabolites
from plant roots were a key factor that regulates ARG spread in different crops by affecting
the interactions between rhizosphere microorganisms and plants. Meanwhile, cIntl-1(clinic)
was positively correlated with ARGs in plant roots and edible parts of endophytes (p < 0.05),
promoting the spread of ARGs in plants. This study highlighted the co-regulatory role of
differential metabolites induced in ARG distribution, offering a novel perspective on the
dynamic regulation mechanism of ARGs in different soil-plant systems.

Antibiotic resistance genes, Rhizosphere activity, Plant endophytic, Differential metabolites, Driving effect

+ The rhizosphere soil served as a hotspot for manure-derived ARG accumulation.

+ Leafy plants exhibited significantly higher ARG abundance compared to fruit plants.

+ ARG distribution varied with plant types mediated by rhizosphere metabolite profiles.
+ Plant-derived lipid metabolites were identified as key regulators of ARG transfer.

« cIntl-1(clinic) played a leading role in ARG transfer among plant endophytes.
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Different plant types restricted ARG
distribution in the soil-plant system
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The widespread misuse of antibiotics has accelerated the dissemi-
nation of antibiotic resistance genes (ARGs) and antibiotic-resistant
bacteria (ARB) into various environmental media, particularly soil' .
The application of livestock manure to fields is a key pathway for ARGs
and ARBs to enter soilst*~®. It is particularly noteworthy that the
cultivation of crops in soils amended with manure could accelerate the
migration of ARGs along the food chain to humans!#.. Recent studies
have demonstrated that the application of livestock manure can
enhance the prevalence of antibiotic resistome within the rhizosphere
and phyllosphere of crops®'%. Farmlands play a significant role in
facilitating the transmission of ARGs to humans through food chains
involving crops, vegetables, and fruits. Still, current technological
measures exhibit limited capacity to control ARG contamination in
soill'~13). Moreover, ARGs exhibit substantial horizontal gene transfer
(HGT) capacity, potentially spreading within agricultural ecosystems
through pathways such as soil pore water transport, soil fauna
activities, and plant roots!'4-1l,

Several studies have shown that manure amendments can drive
ARG evolution and dissemination in soil-plant systemsl'7.18], Studies
tracking the transmission of ARGs from swine manure to the soil-
plant system revealed that Proteobacteria and Actinobacteria facili-
tated the dissemination of tetracycline ARGs (tet-ARGs) from
manure. At the same time, the filtration of Firmicutes in the rhizo-
sphere restricted the entry of tet-ARGs into plants!'®. Furthermore,
plant species can significantly influence the prevalence of ARGs,
which is attributable to variations in their physiological characteris-
tics and microbiome profiles. Studies have shown that the abun-
dance of ARGs in leafy vegetables (Shanghai greens) was signifi-
cantly higher than in root vegetables (carrots), particularly within
leaf and root endophytes, where differences of up to five to ten
times were observed®. Under antibiotic selective pressure, ARGs
can transfer from soil to root endophytes and subsequently to the
phyllosphere, with cultivated species such as pakchoi and wild
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Diversity and abundance of ARGs
decreased gradually in the soil-plant system
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plants like barnyard grass demonstrating particularly strong capaci-
ties for ARG transfer(20l, The distinct distribution of ARGs in the soils
and endophytes of different plant species may correlate with the
rhizosphere metabolites emitted by these plants!'el. It is noteworthy
that the variation in the abundance and diversity of ARGs across
edible parts of different crop species indicates a potential preferen-
tial accumulation of antibiotic resistance in specific food crops,
which could ultimately elevate the risk of human exposure through
the food chain and pose a serious threat to public health[10.15.21.22],
The close bacterial interaction between soil and plant roots faci-
litates the HGT of ARGs into plantsl’523.24, while also enabling
plant roots to regulate the variability of soil ARGs through their
secretions[2%261, Recent studies have shown that plant ARGs mainly
originate from rhizosphere soil, with cooperative bacteria mediat-
ing migration—key Proteobacteria taxa like Clostridium-sensu stric-
ito and Pseudomonas transferring ARGs to shoots!?7l. Xiao et al.l28]
demonstrated that 20.34% of ARGs were significantly shifted
between rhizosphere and bulk soils, with rhizosphere-enriched
ARGs associated with bacterial functions in signaling and degrada-
tion pathways, while rhizosphere-depleted ARGs were linked to
biosynthetic pathways, nutrient cycling, and ABC transporters. Addi-
tionally, organic fertilization also influences the interaction between
crop roots and microorganisms, thereby shaping the distinct charac-
teristics of non-rhizosphere and rhizosphere environments. Rhizo-
sphere metabolites, specific to different plant varieties, serve as
chemical signals that indirectly promote the succession of microbial
communities by regulating soil habitats?°3%, further affecting the
migration and spread of ARGs in the soil-plant systemB1-33l
However, how different plant root activities drive the distribution
and spread of ARGs in soil-plant systems remains unclear. Certain
metabolites in various crops could modulate ARG-host bacteria
interactions, thereby influencing ARG transfer within soil-plant
systems. However, the underlying mechanisms and key metabolites
involved remain poorly understood and need further research.
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Hence, it is hypothesized that crop-specific rhizosphere meta-
bolites drive the distribution of manure-derived ARGs in soil-plant
systems. To verify this, a pot experiment involving diverse crops was
performed to investigate the differences in ARGs, metabolites, and
microbial communities across different soil compartments (non-
rhizosphere and rhizosphere) and plant tissues (roots and edible
parts) via high-throughput quantitative PCR (HT-gPCR) combined
with untargeted metabolomics. This study aimed to: (1) systemati-
cally compare variations in ARG profiles between non-rhizosphere
and rhizosphere soils of different crops, as well as their distribution
in plant roots and edible parts; (2) elucidate the drivers of ARG
enrichment in rhizosphere soils, by clarifying the interactions
among rhizosphere metabolites, mobile genetic elements (MGEs),
and host bacterial communities; (3) reveal the driving mechanisms
underlying the spread of ARGs in soil-plant systems mediated by
rhizosphere metabolites, particularly between plants categorized as
high-ARG-abundance and low-ARG-abundance groups. This study is
the first to reveal, from the perspective of rhizosphere metabolites,
the mechanisms underlying the variation in ARG profiles across
rhizosphere soil, plant roots, and edible parts across different soil-
plant systems, which will help in further evaluating the impact of
plant rhizosphere metabolites on ARG risks in soil and food.

The pot experiment was performed in a Yunnan Province greenhouse
(Dali; 25°53"N, 100°10 'E) between June and October 2022. The

temperature was maintained at 26 + 5 °C under ambient light and
humidity conditions. Two treatments were set up: no fertilization (CK);
livestock manure application (M). All treatments were performed
simultaneously in the greenhouse under the same environmental
conditions, using eight plant species with different edible parts: broad
bean (B) (Vicia faba L.), garlic (G) (Allium sativum L., rice (R) (Oryza sativa
L), cherry tomato (CT) (Lycopersicon esculentum var. cerasiforme
A.Gray), chilli () (Capsicum annuum L), eggplant (E) (Solanum
melongena L.), cherry radish (CR) (Raphanus sativus L.) and porret (P)
(Allium schoenoprasum L.). Two-week-old seedlings of all crops were
transplanted into pots. All crops were cultivated with three plants per
pot and harvested simultaneously on day 120 post-transplantation,
ensuring consistent soil growth duration while encompassing critical
developmental stages. At harvest, a range of samples were collected,
comprising roots (G), the edible parts of the plants, non-rhizosphere
soil (NR), rhizosphere soil (R), and soil solution. Three replicate pots
were collected for each, totaling 48 pots. The root and edible parts of
the eight plant species with different edible parts were collected,
including the roots and stems of garlic, the roots and grains of rice, the
roots and fruits of cherry tomato, the roots and fruits of chilli, the roots
and fruits of eggplant, the roots and leaves of broad bean, the main
roots and taproots of cherry radish, and the roots and leaves of porret.
Each pot (19 cm in height x 18 cm in diameter) was filled with 2 kg of
soil. Manure was applied at 100 g per pot for the M treatment, while no
manure was added to the CK treatment. The initial properties of the
soil used in the pot experiment were consistent across all pots, with a
pH of 7.19 £ 0.16; organic matter content of 56.81 + 2.35 g/kg; total
nitrogen content of 2.38 + 0.07 g/kg; and total phosphorus content of
0.89 = 0.03 g/kg. Each pot was equipped with 200-mesh nylon
rhizosphere bags (diameter 8 cm, height 18 cm) to ensure that the
rhizosphere bags covered the roots of the plants. Rhizosphere soil was
collected from inside the bags, and non-rhizosphere soil from outside.
Soil solution was collected using soil solution samplers with
hydrophilic microporous membranes (0.12-0.18 um), preserving soil
structure while preventing contamination. Plant tissues were
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surface-sterilized with 2% (w/v) available chlorine NaClO solution,
followed by 70% ethanol, rinsed five times with sterile distilled water,
and aseptically dried. Sterility was confirmed by culturing 0.1 mL of the
final rinse water in LB medium at 30 °C for 5 d, during which no
bacterial growth was observed. Soil solution (80 mL) and soil samples
(1 kg) were stored at —80 °C for metabolite analysis and DNA extraction.

Each soil sample was weighed at 0.5 g (dry weight) for DNA extraction
using the Fast DNA® Spin Kit for soil (MP Biomedicals, LLC, Santa Ana,
USA). Each plant sample was weighed at 0.2 g for DNA extraction
using the Fast DNA® Spin Kit (MP Biomedicals, LLC, Santa Ana, USA).
DNA concentration and purity were measured using a NanoVue Plus
spectrophotometer (GE Healthcare, USA). DNA concentrations
exceeded 30 ng/uL, with A260/A280 ratios between 1.8-2.0 and
A260/A230 > 2.0, ensuring extraction quality suitable for downstream
analyses. DNA obtained from plants, rhizosphere, and non-rhizosphere
soil samples was then stored at -80 °C for analysis. HT-gPCR was
conducted on the Wafergen SmartChip Real-time PCR system
(MicroAnaly Genetech Co., Ltd, China) to detect 88 ARG subtypes,
seven MGE subtypes, and the 16S rRNA gene, which served as the
reference gene for calculating relative abundance. The primers used
are presented in Supplementary Table S1. The 100 nL reaction system
included 2 ng/uL DNA template, 1 x LightCycler 480 SYBR Green |
Master, and 500 nM of each primer. The PCR amplification protocol
involved an initial denaturation step at 95 °C for 10 min, followed by 40
cycles of denaturation at 95 °C for 30 s and annealing at 60 °C for 30s.

The forward primer 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and the
reverse primer 806R (5'-GGACTACNNGGGTATCTAAT-3') were used to
amplify the 165 rRNA gene. PCR was performed using an ABI 9700 PCR
instrument (Applied Biosystems, USA) with a total reaction volume of
25 pL, including 2 pL template DNA, 3 pL BSA (2 ng/pl), 5.5 pL ddH,0,
12.5 pL 2x Taq PCR MasterMix (Vazyme Biotech Co., Ltd, China), 1 pL of
forward primer (5 uM), and 1 pL of reverse primer (5 pM). The
amplification process involved an initial denaturation at 95 °C for
5 min, followed by 28 cycles of denaturation at 95 °C for 45 s, annealing
at 55 °C for 50 s, and extension at 72 °C for 45 s, concluding with a final
extension at 72 °C for 10 min. The PCR products were purified using the
Agencourt AMPure XP Kit (Beckman Coulter, Inc, USA), and
sequencing libraries were constructed using the NEB Next Ultra Il DNA
Library Prep Kit (New England Biolabs, Inc, USA). PEAR (v0.9.6)
softwarel*¥ was used to filter and concatenate the raw data, and then
VSEARCH (v2.7.1) softwarel®> was used to filter out sequences shorter
than 230 bp. Qualified sequences were clustered into operational
taxonomic units (OTUs) using the UPARSE algorithm in VSEARCH
(v2.7.1) software, with a similarity threshold of 97%.

The rhizosphere metabolites were analyzed using a UHPLC (Vanquish,
Thermo Fisher Scientific) coupled to an Orbitrap Exploris 120 mass
spectrometer (Orbitrap, Thermo Fisher Scientific) at Beijing Allwegene
Co., Ltd (Beijing, China). From each sample, 100 pL of soil solution was
mixed with 400 pl of extraction solution (methanol and acetonitrile in
a 1:1 volume ratio). The mixture was vortexed thoroughly and then
subjected to ultrasonication in an ice-water bath. After settling, the
mixture was centrifuged, and the supernatant was transferred to an
autosampler vial for instrumental analysis. Additionally, equal volumes
of supernatant from all samples were pooled to prepare a quality
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control (QC) sample, which was also analyzed using the same
procedure. The QC sample method was used to normalize the non-
targeted metabolite data. The relative standard deviation (RSD) of
feature peaks was calculated across QC samples, with acceptance
criteria set at < 30% RSD for = 70% of compounds in each sample. The
three-dimensional data (sample name, peak number, and normalized
peak area) were input into the 'MetaboAnalystR' package in R software
for principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA). Differentially expressed
metabolites (DEMs) were identified based on the following criteria:
(1) a variable importance in the projection (VIP) score > 1 from the
OPLS-DA model; (2) a p-value < 0.05 using a two-tailed Student's t-test;
and (3) a fold change <0.67 or =15 B’ The metabolites were
annotated using the KEGG (www.kegg.jp) and MetaboAnalyst
(www.metaboanalyst.ca), followed by an analysis of the enrichment
degree in relevant metabolic pathways2.

Heatmaps, histograms, and line charts were created with Origin 2021
software to visualize the diversity and abundance of microbial
communities, MGEs, and ARGs. Network analysis was visualized using
Gephi 0.9.2, utilizing significant Spearman correlations (r > 0.8, p < 0.05)
identified among ARGs, metabolites, microbial taxa, and MGEs. Mantel
tests and structural equation models (SEMs) were implemented in R
440 to assess the persistence and spread of ARGs as shaped by
bacterial communities, MGEs, and metabolites, employing the 'linkET’
and 'piecewiseSEM' packages, respectively®?, Model fit was evaluated
with Fisher's C test, and the model was iteratively refined according to
pathway significance (p < 0.05) and model fit criteria (0 < Fisher's C/df <
2 and 0.05 < p<1.00).

Across the rhizosphere and non-rhizosphere soils of various crops, 81
subtypes of ARGs conferring resistance to eight antibiotic classes were
identified. Among them, multidrug ARGs (MDR-ARGs) accounted for
the largest proportion (total abundance of 7.44 x 10~" copies/16S rRNA
copies), followed by f-lactamase ARGs (bla-ARGs), sulfonamide ARGs
(sul-ARGs), tet-ARGs, and MLSB ARGs, whereas aac(6')-ly, aph6ia, mecA,
tetD-01, tetH, tetK and vanB-02 were not detected in all samples
(Fig. 1a). For most abundant ARG subtypes were mexF, oprD,
ycel/mdtH-01 (MDR-ARGsS), and blasyy.o;, penA (bla-ARGs) in different
crop soils. The diversity and abundance of ARGs in rhizosphere and
non-rhizosphere manured soils were significantly higher than those in
unmanured soils (p < 0.05) (Fig. 1), implying that manure is likely to
release a large number of ARGs into the soil environment. For instance,
the total abundance of ARGs in cherry radish and rice increased by 1.50
times and 1.28 times, respectively, while in chilli, the increase was
the least, at only 0.10-fold compared with that in unmanured soils
(p>0.05).

Rhizosphere soils exhibited a higher total abundance of ARGs
compared to non-rhizosphere soils, showing a 1.24-fold increase for
most detected subtypes (Fig. 1b). In different crops from unma-
nured treatments, ARG abundance in cherry radish and garlic rhizo-
sphere soils was significantly higher than that in non-rhizosphere
soils, increasing by 49.43% and 46.39%, respectively. Furthermore,
all ARGs except vancomycin ARGs (van-ARGs) were higher in unma-
nured rhizosphere soils of eggplant and garlic, while in cherry
tomato, the abundance of other ARGs except MDR-ARGs and van-
ARGs was lower in rhizosphere soils than in non-rhizosphere soils.
Otherwise, among different crops in manured soil, the abundance of
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ARGs in cherry radish and rice rhizosphere soils was 2.18 and 1.55
times that of non-rhizosphere soils, respectively, and the accumula-
tion of ARGs in rhizosphere soils was higher. Specifically, the abun-
dance of MDR-ARGs was consistently elevated in the rhizosphere
compared to non-rhizosphere soils across all crops, with bla-ARGs
demonstrating a similar pattern of enrichment in both garlic and
chilli. However, except for eggplant and cherry radish, aminoglyco-
side ARGs (aac-ARGs) showed a tendency to be higher in non-rhizo-
sphere soils than in rhizosphere soils. It is worth noting that all types
of ARGs in cherry radish accumulated in the rhizosphere soils, and
ARGs accumulated significantly in the rhizosphere soils under
manure-amended conditions.

For the eight crops with different edible parts, this study measured the
diversity and abundance of ARGs in various plant endophytes (the
roots and edible parts), with a total of 69 ARG subtypes detected. The
subtypes of ARGs detected in plant endophytes were 12 fewer than
those in soil, including two aac-ARGs (aph(2')-1d-01 and str), two bla-
ARGs (blages and blagya:/blagyaso), three MLSB ARGs (erm(35), ermC
and ImrA-01), three tet-ARGs (tetC-01, tetL-01 and tetS), and two other
ARGs (cfr and sat4). Principal coordinates analysis (PCoA) revealed
distinct segregation patterns of ARGs between plant endophytes and
soils, and significant differences were also observed in ARG distribu-
tion between the roots and the edible parts (leaves, stems, and fruits)
(Fig. 1c). Similar to soils, MDR-ARGs also had the highest abundance in
plant endophytes (total abundance of 1.35 x 107" copies/165 rRNA
copies), followed by bla-ARGs and tet-ARGs. Still, their total abundance
levels were significantly decreased compared with rhizosphere soil
(p < 0.05), by 81.83%, 83.50% and 38.17%, respectively.

Figure 2 shows the detection of ARGs in non-rhizosphere and
rhizosphere soils of different crops, as well as endophytes in plant
roots and edible tissues. Across four sample types from the eight
crop species, shared ARGs were detected. Porret exhibited the high-
est number of shared ARGs (n = 17) in both soil compartments and
plant tissues, followed by rice (n = 10) and cherry tomato (n = 8).
Chilli and cherry radish each contained six shared ARGs, while broad
bean showed the lowest count (n = 4). Moreover, the abundance
heatmap of shared ARGs in Fig. 2 reveals a decreasing trend of most
ARGs from soil to plant, suggesting that the shared ARGs from
manure gradually migrated and spread to the edible parts of plants.
These results suggested that different plant species may also deter-
mine the difference in ARG abundance between endophytes, rhizo-
sphere, and non-rhizosphere soils. Figure 2 identifies mexF as the
most abundant ARG subtype and a core shared ARG across soil and
plant endophytes in all eight crops, which had a higher risk of trans-
ferring resistance as a multidrug ARG. mexF abundance was signi-
ficantly higher in soils than in plant endophytes across all crops,
with rhizosphere soils exhibiting greater accumulation than non-
rhizosphere soils (p < 0.05). The relative abundance of mexF in
edible plant parts decreased by more than 80% compared to rhizo-
sphere soils. Reductions reached 99.98% in cherry tomato fruits,
while porret leaves showed a smaller decline (80.84%).

There were differences in the spread of ARGs to various parts of the
plant endophytes. Therefore, crops and vegetables with different
edible parts were selected in this study, which showed a diverse
distribution of ARGs in endophytic bacteria with edible parts. As shown
in Fig. 3a, the diversity and abundance of ARGs in endophytes of plant
roots were significantly higher than those in edible parts across
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Fig. 2 Detected number and abundance of shared ARGs in rhizosphere, non-rhizosphere soil, plant roots, and edible part samples of different crops. The
columns represent the number of detected ARGs, and the data in the heatmap represent the abundance of ARGs. (a) Broad bean, (b) garlic, (c) rice, (d)
cherry tomato, (e) chilli, (f) eggplant, (g) cherry radish, (h) porret. Refer to Fig. 1 for abbreviations.

different crops planted in manured soils and unmanured soils (p <
0.05). In the unmanured soils, the abundance of ARGs in edible parts of
cherry radish showed the smallest decrease (53.1%), compared with
that in root endophytes, while broad bean leaves showed the greatest
decrease (96.9%) relative to their roots. Under manure application,
ARGs in broad bean leaves decreased by 98.5% compared with those
in the root endophytes, while those in porret leaves decreased by
55.2% relative to the roots.

Among the different edible parts of different crops, the distribu-
tion of ARGs varied significantly under the same manure applica-
tion rate. Specifically, the total abundance of ARGs in the leaves of
porrets on the edible parts was the highest among the eight plants,

followed by that in the stems of garlic, with abundance levels of 9.00
x 1073 and 3.39 x 10-3 copies/16S rRNA copies, respectively. That is,
the risk of ARGs was higher in the leaves of porret, and the detec-
tion rate of MDR-ARGs reached up to 60%. Nevertheless, for plants
whose edible parts are fruits and endosperm, the abundance of
ARGs in their edible parts was low, and the total abundance of ARGs
in cherry tomato fruits and in rice endosperm was only 6.82 x 10~4
and 2.56 x 10~* copies/16S rRNA copies, respectively, which was an
order of magnitude lower than that in porret leaves. Among the
ARG subtypes detected in all plants, mexF was identified in every
species studied. The highest abundance was observed in the leaves
of porret (5.47 x 103 copies/16S rRNA copies), followed by the
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Fig. 3 (a) ARG spread through the roots and edible parts of the plant, and the migration rate from the roots to the edible parts. (b) Distribution of ARGs in
non-rhizosphere soil, plant roots, and aboveground part samples. (c) Distribution of MGEs in non-rhizosphere soil, plant roots, and aboveground part
samples. (d) Regression analysis of cIntl-1(clinic) and ARGs (n = 32), with a 95% confidence interval. Refer to Fig. 1 for abbreviations.

fleshy roots of garlic (103 copies/16S rRNA copies) and the stems of
cherry radish (104 copies/16S rRNA copies). In contrast, rice and
cherry tomato exhibited significantly lower abundances. The abun-
dance of mexF in porret leaves was three orders of magnitude
higher than that in cherry tomato, which had the lowest abundance.
Therefore, the spread of ARGs from root endophytes to other plant
tissues varied, and different parts of crops and vegetables
consumed as food may pose different resistance risks.

A total of seven MGE subtypes belonging to integrase and transposase
were detected in soil and plant endophytes of the eight different
crops, showing similar trends to those of some ARGs. The cintl-1(clinic)
in MGEs had the highest abundance in soil (2.18 x 10~ copies/16S
rRNA copies), followed by tnpA-02 and cintl-1(class1), while in plant
endophytes, cintl-1 (clinic) and tnpA-02 showed higher abundance,
reaching 501 x 1072 and 8.00 x 1073 copies/165 rRNA copies,
respectively. The diversity and abundance of MGEs under the manure
treatment were significantly higher than those in the unfertilized
treatment (p < 0.05). Compared with non-rhizosphere soil, MGE total
abundance was significantly higher in rhizosphere soil (p < 0.05),
indicating enrichment of MGEs and ARGs in rhizosphere soils. The
abundance of integrons in endophytic bacteria was significantly lower
than that of MGEs in soil (p < 0.05), consistent with changes in ARGs.
Specifically, the total relative abundance of cintl-1(class1) and cintl-
1(clinic) in endophyte bacteria decreased by 74.66% and 77.04%,
respectively, compared with soil.

| Volume 1 | 2025 | e005

Meanwhile, MGE abundance in root endophytes was significantly
lower than that in other plant parts (p < 0.05), indicating that MGEs
in manure entered the plant through the roots and spread upward,
though the abundance level gradually decreased. According to Fig.
3b, ¢, the distribution of MGEs and ARGs in rhizosphere soil, root
endophytes, and aboveground endophytes showed a consistent
pattern, and MGEs and ARGs were closely related to their trans-
mission in soil-plant system. Particularly, the high proportion of
cIntl-1(clinic) was very similar to the profile of high levels of MDR-
ARGs and bla-ARGs. Therefore, the relative abundances of the seven
MGEs and ARGs were further analyzed by linear regression (Supple-
mentary Fig. S1). Notably, cintl-1(clinic) in integron was closely
related to ARGs with a significant linear correlation (r = 0.92,
p < 0.001, Fig. 3d), suggesting a vital role of cintl-1(clinic) in ARG
spread from soil to plant endophytes.

There were significant differences in soil and plant bacterial
communities among different crops (Fig. 4 and Supplementary Fig. S2).
As shown in Fig. 4a, the observed species and a-diversity in the soil
bacterial community were significantly higher than those in the plant
samples, and the diversity of the endophytic bacterial community in
the root of plants was also significantly higher than that in the edible
aboveground tissues (p < 0.05). The bacterial community composition
of rhizosphere and non-rhizosphere soil of different crops and
vegetables at the phylum and genus levels under livestock manure
application and control treatment was shown in Fig. 4b, c. At the
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phylum level, Actinobacteriota (36.00%-46.05%), Chloroflexi (17.36%—
23.52%), Proteobacteria (14.78%-19.41%), Acidobacteriota (7.95%-—
12.59%), and Gemmatimonadota (2.00%-3.32%) consistently emerged
as the five dominant bacterial phyla in both manure-amended and
unfertilized treatments, in both rhizosphere and non-rhizosphere
environments. However, the characteristics of plant endophytic
bacteria community are different, among which Proteobacteria
occupied the highest abundance ratio, accounting for 14.78%-99.57%.
Then, followed by Actinobacteriota (0.09%-54.36%), Chloroflexi,
Acidobacteriota, and Gemmatimonadota (0.00%-3.33%). At the genus
level, Nocardioides was the most abundant in soil, while Streptomyces
was the most abundant in plants. When comparing rhizosphere and
non-rhizosphere soil, the total abundance of Actinobacteriota in
rhizosphere soil increased by approximately 2.17% relative to non-
rhizosphere soil, while Acidobacteriota was 4.17% lower.

Additionally, there were significant differences in the abundances
of endophyte communities between different plant parts at both
phylum and genus levels (p < 0.05). At the phylum level, the total
abundance of Actinobacteriota and Chloroflexi in the edible parts of
the plant was significantly lower than that in the root endophytes,
while the total abundance of Proteobacteria was significantly higher
than that of the root endophytes (p < 0.05). At the genus level, the
total abundance of Streptomyces in the edible part of the plant was
significantly lower than that of the root endophytes, while the total
abundance of Pantoea was significantly higher than that of the root
endophytes (p < 0.05). Specifically, the endophytic bacteria in the
edible parts of rice germ and the Proteobacteria in tomato fruit
increased most compared with that root, reaching 4.03-fold and
1.76-fold, respectively. Among all crops, Actinobacteriota in garlic
stems showed the greatest abundance decrease relative to roots,
while Chloroflexi in rice grains showed the greatest decrease
compared with the roots.

Rhizosphere metabolites affected the ARG distribution and spread in
soil-plant systems of different crops. Three crops with high ARG
abundances (garlic, cherry radish, and porret) and three crops with low
ARG abundances (broad bean, rice, and cherry tomato) were selected
and divided into two comparison groups. The rhizosphere metabolites

(a) (b)
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were analyzed by OPLS-DA. Using a fold change <0.67 or 2 1.5 and VIP
> 1 as thresholds, nine DEMs were identified in the high abundance
group and the low abundance group. The categories of DEMs included
lipids and lipid-like molecules, organic oxygen compounds,
organoheterocyclic compounds, and benzenoids, of which lipids and
lipid-like molecules accounted for the largest proportion (55.6%)
(Fig. 5a). In the group with high ARG abundances (Fig. 5b), the content
of Prostaglandin J2 (lipids), Gibberellin A14 (lipids), PA (16:0/15:0)
(lipids), Erythromycin, and 3'-Deaminofusarochromanone was up-
regulated. The content of the other five kinds of DEMs—PC
(14:1[92]/16:0) (lipids), Methyl 2-(10-heptadecenyl)-6-hydroxyben-
zoate, PS (14:0/ 14:1[9Z]) (lipids), and coniferin—was down-
regulated. Additionally, the VIP value of PA (16:0/15:0) (lipids) was the
highest, which indicated that lipids in rhizosphere metabolites had a
more obvious influence on endophytic bacteria spread and ARG
distribution in different crops.

Regarding the differences in ARG transmission among endo-
phytic bacteria across different crops, this study further compared
crops with high and low abundances of ARGs in edible parts. Mantel
tests showed that most DEMs significantly affected bacterial
community, with lipids PC (14:1[9Z]/16:0) and PA (16:0/15:0) show-
ing significant correlations (p < 0.01, Fig. 6a). To further elucidate the
relationship between rhizosphere metabolites and their potential
bacterial hosts across plant species, a co-occurrence network was
constructed integrating metabolites, bacterial communities, MGEs,
and ARGs (Fig. 6b, c). In the high-abundance crop group, PA
(16:0/15:0) and PS (14:0/14:1[9Z]) in lipids significantly affected key
potential host bacteria Streptomyces, Phycicoccus, and Pantoea, and
further affected mexF, mefA, ampC-06, gacH-01, dfrA12, and oprD in
ARGs (p < 0.05). The potential host bacteria in ARGs (tetQ, dfrA12,
mexF and mefA) in the low-abundance crop group were Nocar-
dioides and Streptomyces, which were mainly influenced by PC
(14:1[9Z]/16:0) and Gibberellin A14. Furthermore, SEMs analysis
further described relationships between ARG abundance diffe-
rences in endophytic bacteria of different plants and the main driv-
ing factors (Fig. 6d, e). In ARGs high-abundance crop group, MGEs
(A = 0.32, p < 0.05), microbial communities (1 = 0.43, p < 0.05), and
DEMs (1 = 0.21, p < 0.05) positively affected ARGs, with DEMs also
indirectly affecting ARGs via microbial communities (1 = 043, p <
0.05). In ARGs low-abundance crop group, MGEs (4 = 0.49, p < 0.05),

T T T T
1.21.4161.82.0
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Fig. 5 (a) Percentage of DEMs in the high abundance crop group and the low abundance group in ARGs. (b) Content and VIP values of DEMs in the ARGs

high-abundance crop group and low-abundance crop group.
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Fig. 6 Mantel test results showing the correlation between DEMs, MGEs, ARGs, and bacterial community in the (a)-left high-abundance crop group, and
(a)-right the low-abundance crop group. (b) Co-occurrence networks based on Spearman's rank correlation coefficients in the high-abundance crop
group, and (c) the low-abundance crop group. Nodes signify the abundance of individual ARGs, DEMs, or bacterial taxa. Positive and negative
relationships are represented by pink and blue arrows, respectively. The SEMs in (d) and (e) depict the effects of MGEs, bacterial communities, and DEMs

on ARGs for the high- and low-abundance crop groups, respectively.

microbial communities (A = 0.50, p < 0.01), and DEMs (1 = 0.33,
p < 0.05) also had significant positive effects on ARGs, with DEMs
primarily affecting ARGs through microbial succession (1 = 0.76,
p < 0.05). Hence, differential metabolites drive the difference in
ARGs transport from different plant soils to endophytes by influenc-
ing the succession of microbial communities.

The results of this study indicated that there are significant differences
(p < 0.05) in the distribution of ARGs between rhizosphere and non-
rhizosphere soils of different plants, with the total abundance of ARGs

page 100f 13

in rhizosphere soil being higher than that in non-rhizosphere soil,
specifically 1.24 times that of non-rhizosphere soil. Previous studies
have shown that both bacterial community composition and
biomarkers differ between rhizosphere soil and non-rhizosphere soils
under a certain concentration of antibiotic stress, and the absolute
abundance of some ARGs in rhizosphere soil is higher than that in non-
rhizosphere soil®?. Yue et al”! found that a greater diversity and
higher abundance of ARGs were detected in peanut rhizosphere soil,
and were higher than those in non-rhizosphere soil, possibly because
ARBs were contained in microorganisms responding to peanut
rhizosphere metabolites. Additionally, the relationships between ARGs,
MGEs, and microorganisms in rhizosphere soils may be more complex
than those in non-rhizosphere soils (i.e., key regions of HGT)“%, In this
study, the results showed that the number and abundance of ARGs in
endophytes in different crops were significantly lower than those in
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rhizosphere soil (p < 0.05). Previous studies have consistently
demonstrated that the ARG abundance in plant endophytes is
significantly lower than levels in rhizosphere soils*'*%, The abundance
level of manure-derived ARGs in the soil-plant system gradually
decreased from the roots to the edible parts of plants. The ARG
transmission may be associated with the colonization of plants by their
potential microbial hosts/**#4, That is, ARGs in many root endophytes
are susceptible to the influence of ARGs in rhizosphere soil, while a few
ARGs may further spread to the endophytes in the edible parts of
plants.

In this study, it was observed that different crops had different
subtypes of common ARGs in the soil-plant system, and the ARG
profiles were also variable, indicating that different plant species
affect the distribution and transmission differences of ARGs in the
soil-plant systems. Previous studies have also shown that plant
types determine the ARG profiles in the soil microbiome and endo-
phyte microbiome3., In this study, the distribution of ARGs in differ-
ent edible parts of plants showed that the abundance of ARGs in
leaf plants was higher than that in fruit plants, with a difference of
approximately one order of magnitude, indicating variations in ARG
transmission from plant roots to edible tissues and differing resis-
tance risks among different edible parts of plants. Crop types influ-
ence the distribution characteristics and transmission routes of
ARGs in the soil-plant system. ARGs with stronger transmission may
be more readily absorbed and colonized by endophytic bacteria in
stems and leaves compared to fruitst*47l. Additionally, compounds
related to plants, such as rhizosphere metabolites, can regulate the
microbial composition in the soil and the endophytic microbial
communities of plants through microorganisms® 849, which is also
consistent with the results of this study. Therefore, different plant
types limit ARG distribution in soil-plant systems, and plant-specific
regulation of endophytic communities leads to differences in the
potential risk of ARGs in different edible parts.

The spread of ARGs in the soil-plant system is influenced by multiple
factors, and the difference in ARGs is influenced by bacterial
communities, MGEs, and differential metabolites. In this study, a
significant positive correlation (r = 0.92, p < 0.001) between cintl-1
(clinic) and ARGs in rhizosphere soils, plant roots, and edible parts
indicated that MGEs play an important role in the spread of ARGs from
soil to plant. The abundance of MGEs followed trends similar to those
of ARGs, exhibiting enrichment in rhizosphere soil while progressively
decreasing in plants. Integrons may increase ARG dissemination risks
between humans and the environment by facilitating the spread of
ARGsP%", The capacity of MGEs to facilitate the spread and transfer of
ARGs to plants varies across different soil-plant systems, thereby
potentially impacting human food safety to varying extents®?=>4. Thus,
rhizosphere soil and endophytic bacteria across plant species harbor
MGE-carrying microorganisms that promote the dissemination of ARGs
within plant-associated microbial communities.

By analyzing the driving factors of ARGs transmission difference
between the high-abundance and low-abundance ARGs groups in
edible endophytic bacteria, it was found that lipids and lipid-like
molecules were highly correlated with the main host bacteria of
ARGs. The results of this study indicated that within high-abun-
dance crops, lipid metabolites PA (16:0/15:0) and PS (14:0/14:1[9Z])
significantly influenced key potential host bacteria (Streptomyces,
Phycicoccus, Pantoea), consequently modulating ARGs including
mexF, mefA, ampC-06, gacH-01, dfrA12, and oprD (p < 0.05). The
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potential host bacteria in ARGs (tetQ, dfrA12, mexF, and mefA) in the
low abundance crop group were Nocardioides and Streptomyces,
which were mainly affected by PC (14:1[9Z]/16:0) and Gibberellin
A14. These findings demonstrated that lipid substances within
rhizosphere metabolites critically regulate ARG transmission across
plant species through plant-microbe interactions. Lipids play an
essential role in the physiological functions of the plant plasma
membrane, including the regulation of hormone signaling and
transport, responses to abiotic stress, and interactions between
plants and microbes>>-571, In the rhizosphere microzone, plant-
microbe signaling is a critical underground life activity, with lipids
being highly involved859], potentially further affecting the succes-
sion process of microorganisms. Lipids are the main components of
plant plasma that can create physical barriers by affecting the
surface of living cells®l. Variations in lipid distribution across crop
species drive differential plant-microbe signaling®®6°1], thereby
shaping microbial colonization patterns and ARG distribution.
Furthermore, the relatively low abundance of ARGs observed in the
edible fruits of cherry tomato may be attributed to their secretion of
antimicrobial compounds such as tomatine and other glycoalka-
loids. Studies have found that various metabolites derived from vita-
min C-rich fruits, including tomatoes, exhibit potent antibacterial
activity2. Some of these antimicrobial substances may selectively
inhibit host bacteria associated with ARGs and reduce the potential
for transmission and dissemination of ARGs in the rhizosphere envi-
ronment(63.64], Therefore, the variability of root metabolites in diffe-
rent crops regulates microbial community succession and further
leads to the differential distribution of ARGs in the soil-plant system
by affecting the colonization process of host microorganisms.

This study explored the influence of rhizosphere metabolites of
different crops on ARG distribution in soil-plant systems. It was found
that manure-derived ARGs mainly accumulated in rhizosphere soils
and spread to the edible part of the plant, with the lowest abundance
detected in the edible fruit plants and the highest in the edible leaf
plants. Variations in rhizosphere metabolites among crops regulated
ARG distribution, with lipid metabolites in the rhizosphere particularly
influencing interactions between rhizosphere microorganisms and
plants. The cintl-1(clinic) of MGEs exhibited a significant correlation
with the abundance of ARGs in endophytic bacteria in plant roots and
edible parts, which notably affected the spread of ARGs in plants.
These results underscore how plant root systems and their associated
metabolites shape the dissemination of ARGs, providing a scientific
basis for developing targeted strategies to mitigate antibiotic
resistance propagation in agricultural soil environments.

It accompanies this paper at: https://doi.org/10.48130/aee-0025-0005.

The authors confirm their contributions to the paper as follows: study
conception and design: all authors; conceptualization: Zhang K, Ding Y,
Yang F; manuscript review and editing: Wu Q, Ding Y, Yang F; formal
analysis: Han B, Xu H, Shen S, Yang F; visualization: Han B, Shen S;
methodology: Han B, Xu H; project administration, funding acquisition:
Yang F; investigation, original draft preparation: Han B. All authors
reviewed the results and approved the final version of the manuscript.

page 110f13


https://doi.org/10.48130/aee-0025-0005
https://doi.org/10.48130/aee-0025-0005
https://doi.org/10.48130/aee-0025-0005
https://doi.org/10.48130/aee-0025-0005
https://doi.org/10.48130/aee-0025-0005

Agricultural Ecology
and Environment

The datasets used or analyzed during the current study are available
from the corresponding author on reasonable requests.

This study was financially supported by the National Natural Science
Foundation of China (Grant Nos 42277033 and 42307543), Basic
Research Foundation of Yunnan Province of China (Grant No.
202401AT070304), the Youth Innovation Program of the Chinese
Academy of Agricultural Sciences (Grant No. Y2024QC28), Tianjin
Municipal Natural Science Foundation (Grant No. 23JCYBJC00250), and
Natural Science Foundation of Shandong Province (Grant No.
ZR2023QD008).

The authors declare that they have no conflict of interest.

'Agro-Environmental Protection Institute, Ministry of Agriculture and
Rural Affairs, Tianjin, China; 2Dali, Yunnan, Agro-Ecosystem, National
Observation and Research Station, Dali, China; 3College of Agriculture
and Forestry Science, Linyi University, Linyi, China; “Key Laboratory of
Karst Georesources and Environment (Guizhou University), Ministry of
Education, College of Resources and Environmental Engineering,
Guizhou University, Guiyang 550025, China

[11  Liu ZT, Ma RA, Zhu D, Konstantinidis KT, Zhu YG, et al. 2024. Organic
fertilization co-selects genetically linked antibiotic and metal(loid)
resistance genes in global soil microbiome. Nature Communications
15(1):5168

[2] Herraiz-Carboné M, Cotillas S, Lacasa E, Sainz de Baranda C, Riquelme
E, et al. 2021. Are we correctly targeting the research on disinfection of
antibiotic-resistant bacteria (ARB)? Journal of Cleaner Production
320:128865

[3] Hernando-Amado S, Coque TM, Baquero F, Martinez JL. 2019. Defining
and combating antibiotic resistance from One Health and Global
Health perspectives. Nature Microbiology 4(9):1432—1442

[4] SongT, ZhuC, LiB, Yan M, Li H. 2023. Manure application led to higher
antibiotic resistance risk in red soil compared with black soil and fluvo-
aquic soil. Journal of Hazardous Materials Advances 9:100209

[5] Han B, Yang F, Shen S, Mu M, Zhang K. 2023. Effects of soil habitat
changes on antibiotic resistance genes and related microbiomes in
paddy fields. Science of the Total Environment 895:165109

[6] FuY,HuF, WangF, XuM, Jia Z, et al. 2025. Field-based evidence for the
prevalence of soil antibiotic resistomes under long-term antibiotic-free
fertilization. Environment International 195:109202

[71  Yue Z, Zhang J, Ding C, Wang Y, Zhou Z, et al. 2023. Transfer and distri-
bution of antibiotic resistance genes in the soil-peanut system receiv-
ing manure for years. Science of the Total Environment 869:161742

[8] Wang YZ, Zhou SYD, Zhou XY, An XL, Su JQ. 2023. Manure and biochar
have limited effect on lettuce leaf endophyte resistome. Science of the
Total Environment 860:160515

[91 ZouY, Zhang Y, Zhou J, Bao C, Chen M, et al. 2022. Effects of compost-

ing pig manure at different mature stages on ARGs in different types

of soil-vegetable systems. Journal of Environmental Management

321:116042

Gao Y, Luo W, Zhang H, Chen Y, Li Z, et al. 2023. Enrichment of antibi-

otic resistance genes in roots is related to specific bacterial hosts and

soil properties in two soil-plant systems. Science of the Total Environ-

ment 886:163933

[10]

page 120f 13

(111

2]

[13]

[14]

[15]

[16]

171

[18]

19l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Rhizosphere metabolites drive crop-specific ARG distribution

Xiao Z, Han R, Su J, Zhu Z, Zhao Y, et al. 2023. Application of earth-
worm and silicon can alleviate antibiotic resistance in soil-Chinese
cabbage system with ARGs contamination. Environmental Pollution
319:120900

Shao C, Li W, Tan P, Shan A, Dou X, et al. 2019. Symmetrical modifica-
tion of minimized dermaseptins to extend the spectrum of antimicro-
bials with endotoxin neutralization potency. International Journal of
Molecular Sciences 20(6):1417

Rodriguez-Melcén C, Alonso-Calleja C, Capita R. 2024. The One Health
approach in food safety: challenges and opportunities. Food Frontiers
5(5):1837-1865

Wang JY, An XL, Zhang HM, Su JQ. 2024. Manure application enriches
phage-associated antimicrobial resistance and reconstructs ecological
network of phage-bacteria in paddy soil. Soil Biology & Biochemistry
198:109554

Guo YJ, Qiu TL, Gao M, Sun YM, Cheng ST, et al. 2021. Diversity and
abundance of antibiotic resistance genes in rhizosphere soil and endo-
phytes of leafy vegetables: Focusing on the effect of the vegetable
species. Journal of Hazardous materials 415:125595

Chen P, Yu KF, He YL. 2023. The dynamics and transmission of antibi-
otic resistance associated with plant microbiomes. Environment Inter-
national 176. https://doi.org/10.1016/j.envint.2023.107986

Sun YP, Snow D, Walia H, Li X. 2021. Transmission Routes of the Micro-
biome and Resistome from Manure to Soil and Lettuce. Environmental
Science & Technology 55(16):11102—-11112

Huang J, Mi J, Yan Q, Wen X, Zhou S, et al. 2021. Animal manures appli-
cation increases the abundances of antibiotic resistance genes in soil-
lettuce system associated with shared bacterial distributions. Science
of the Total Environment 787:147667

Wen X, Xu J, Worrich A, Li X, Yuan X, et al. 2024. Priority establishment
of soil bacteria in rhizosphere limited the spread of tetracycline resis-
tance genes from pig manure to soil-plant systems based on synthetic
communities approach. Environment International 187:108732

Zhang Y, Zhou J, Wu J, Hua Q, Bao C. 2022. Distribution and transfer of
antibiotic resistance genes in different soil-plant systems. Environmen-
tal Science and Pollution Research International 29(39):59159-59172
Yang J, Xiang J, Goh SG, Xie Y, Nam OC, et al. 2024. Food waste
compost and digestate as novel fertilizers: Impacts on antibiotic resis-
tome and potential risks in a soil-vegetable system. Science of the Total
Environment 923. https://doi.org/10.1016/j.scitotenv.2024.171346
Prasain JK, Barnes S. 2024. Recent updates on diet-derived gut micro-
bial metabolites. eFood 5(4):e181

Yang C, Zhang X, Ni H, Gai X, Huang Z, et al. 2021. Soil carbon and
associated bacterial community shifts driven by fine root traits along a
chronosequence of Moso bamboo (Phyllostachys edulis) plantations in
subtropical China. Science of the Total Environment 752:142333

Spitzer CM, Lindahl B, Wardle DA, Sundqvist MK, Gundale MJ, et al.
2021. Root trait-microbial relationships across tundra plant species.
New Phytologist 229(3):1508—1520

Wang F, Sun R, Hu H, Duan G, Meng L, et al. 2022. The overlap of soil
and vegetable microbes drives the transfer of antibiotic resistance
genes from manure-amended soil to vegetables. Science of the Total
Environment 828:154463

Han B, Yang F, Shen S, Li Z, Zhang K. 2024. Soil metabolic processes
influenced by rice roots co-regulates the environmental evolution of
antibiotic resistome. Environment International 193:109116

Shen Y, Zhang B, Yao Y, Wang H, Chen Z, et al. 2024. Insights into the
interactions of plant-associated bacteria and their role in the transfer
of antibiotic resistance genes from soil to plant. Journal of Hazardous
materials 480:135881

Xiao E, Sun W, Deng J, Shao L, Ning Z, et al. 2023. The potential linkage
between antibiotic resistance genes and microbial functions across
soil—plant systems. Plant and Soil 493(1-2):589-602

Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, et al. 2018.
Dynamic root exudate chemistry and microbial substrate preferences
drive patterns in rhizosphere microbial community assembly. Nature
Microbiology 3(4):470—-480

Liu W, Zhao Q, Zhang Z, Li Y, Xu N, et al. 2020. Enantioselective effects
of imazethapyr on Arabidopsis thaliana root exudates and rhizosphere
microbes. Science of the Total Environment 716:137121

| Volume1 | 2025 | e005


https://doi.org/10.1038/s41467-024-49165-5
https://doi.org/10.1016/j.jclepro.2021.128865
https://doi.org/10.1038/s41564-019-0503-9
https://doi.org/10.1016/j.hazadv.2022.100209
https://doi.org/10.1016/j.scitotenv.2023.165109
https://doi.org/10.1016/j.envint.2024.109202
https://doi.org/10.1016/j.scitotenv.2023.161742
https://doi.org/10.1016/j.scitotenv.2022.160515
https://doi.org/10.1016/j.scitotenv.2022.160515
https://doi.org/10.1016/j.jenvman.2022.116042
https://doi.org/10.1016/j.scitotenv.2023.163933
https://doi.org/10.1016/j.scitotenv.2023.163933
https://doi.org/10.1016/j.scitotenv.2023.163933
https://doi.org/10.1016/j.envpol.2022.120900
https://doi.org/10.3390/ijms20061417
https://doi.org/10.3390/ijms20061417
https://doi.org/10.1002/fft2.458
https://doi.org/10.1016/j.soilbio.2024.109554
https://doi.org/10.1016/j.jhazmat.2021.125595
https://doi.org/https://doi.org/10.1016/j.envint.2023.107986
https://doi.org/10.1021/acs.est.1c02985
https://doi.org/10.1021/acs.est.1c02985
https://doi.org/10.1016/j.scitotenv.2021.147667
https://doi.org/10.1016/j.scitotenv.2021.147667
https://doi.org/10.1016/j.envint.2024.108732
https://doi.org/10.1007/s11356-021-17465-8
https://doi.org/10.1007/s11356-021-17465-8
https://doi.org/10.1007/s11356-021-17465-8
https://doi.org/https://doi.org/10.1016/j.scitotenv.2024.171346
https://doi.org/10.1002/efd2.181
https://doi.org/10.1016/j.scitotenv.2020.142333
https://doi.org/10.1111/nph.16982
https://doi.org/10.1016/j.scitotenv.2022.154463
https://doi.org/10.1016/j.scitotenv.2022.154463
https://doi.org/10.1016/j.envint.2024.109116
https://doi.org/10.1016/j.jhazmat.2024.135881
https://doi.org/10.1016/j.jhazmat.2024.135881
https://doi.org/10.1007/s11104-023-06247-5
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1038/s41564-018-0129-3
https://doi.org/10.1016/j.scitotenv.2020.137121

Rhizosphere metabolites drive crop-specific ARG distribution

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

1401

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

Liu Y, Cui E, Neal AL, Zhang X, Li Z, et al. 2019. Reducing water use by
alternate-furrow irrigation with livestock wastewater reduces antibi-
otic resistance gene abundance in the rhizosphere but not in the non-
rhizosphere. Science of the Total Environment 648:12-24

Guo A, Pan C, Ma J, Bao Y. 2020. Linkage of antibiotic resistance genes,
associated bacteria communities and metabolites in the wheat rhizo-
sphere from chlorpyrifos-contaminated soil. Science of the Total Envi-
ronment 741:140457

Guan X, Li Y, Yang Y, Liu Z, Shi R, et al. 2025. Root exudates regulate
soil antibiotic resistance genes via rhizosphere microbes under long-
term fertilization. Environment International 195:109180

Zhang Z, Zhao L, Yang J, Pang J, Lambers H, et al. 2024, Effects of envi-
ronmentally relevant concentrations of oxytetracycline and sulfadi-
azine on the bacterial communities, antibiotic resistance genes, and
functional genes are different between maize rhizosphere and bulk
soil. Environmental Science and Pollution Research International
31(15):22663-22678

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. 2016. VSEARCH: a
versatile open source tool for metagenomics. Peer) 4:e2584

Edgar RC. 2013. UPARSE: highly accurate OTU sequences from micro-
bial amplicon reads. Nature Methods 10(10):996—998

Zhao L, Zhang H, White JC, Chen X, Li H, et al. 2019. Metabolomics
reveals that engineered nanomaterial exposure in soil alters both soil
rhizosphere metabolite profiles and maize metabolic pathways. Envi-
ronmental Science-Nano 6(6):1716—-1727

Wolthuis JC, Magnusdottir S, Pras-Raves M, Moshiri M, Jans JJM, et al.
2020. MetaboShiny: interactive analysis and metabolite annotation of
mass spectrometry-based metabolomics data. Metabolomics 16:99
Lefcheck JS. 2016. PIECEWISESEM: piecewise structural equation
modelling in R for ecology, evolution, and systematics. Methods in Eco-
logy and Evolution 7(5):573-579

Zheng F, Zhou GW, Zhu D, Neilson R, Zhu YG, et al. 2022. Does plant
identity affect the dispersal of resistomes above and below ground?
Environmental Science & Technology 56(21):14904—14912

Zhang YJ, Hu HW, Chen QL, Yan H, Wang JT, et al. 2020. Manure appli-
cation did not enrich antibiotic resistance genes in root endophytic
bacterial microbiota of cherry radish plants. Applied and Environmental
Microbiology 86(2):02106-19

Cerqueira F, Matamoros V, Bayona J, Pifia B. 2019. Antibiotic resistance
genes distribution in microbiomes from the soil-plant-fruit continuum
in commercial Lycopersicon esculentum fields under different agricul-
tural practices. Science of the Total Environment 652:660—670

Zhou SYD, Zhang Q, Neilson R, Giles M, Li H, et al. 2021. Vertical distri-
bution of antibiotic resistance genes in an urban green facade. Envi-
ronment International 152:106502

Frank A, Saldierna Guzman J, Shay J. 2017. Transmission of Bacterial
Endophytes. Microorganisms 5(4):70

Chen QL, Hu HW, Zhu D, Ding J, Yan ZZ, et al. 2020. Host identity deter-
mines plant associated resistomes. Environmental Pollution 258:113709
Zhang R, Chen L, Niu Z, Song S, Zhao Y. 2019. Water stress affects the
frequency of Firmicutes, Clostridiales and Lysobacter in rhizosphere
soils of greenhouse grape. Agricultural Water Management 226:105776
Cerqueira F, Matamoros V, Bayona J, Elsinga G, Hornstra LM, et al.
2019. Distribution of antibiotic resistance genes in soils and crops. A
field study in legume plants (Vicia faba L.) grown under different
watering regimes. Environmental Research 170:16—25

Yeoh YK, Dennis PG, Paungfoo-Lonhienne C, Weber L, Brackin R, et al.
2017. Evolutionary conservation of a core root microbiome across
plant Phyla along a tropical soil chronosequence. Nature Communica-
tions 8:215

| Volume 1 | 2025 | e005

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[67]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Agricultural Ecology
and Environment

Long HH, Sonntag DG, Schmidt DD, Baldwin IT. 2010. The structure of
the culturable root bacterial endophyte community of Nicotiana
attenuata is organized by soil composition and host plant ethylene
production and perception. New Phytologist 185(2):554-567

Wang Y, Li Y, Li H, Zhou J, Wang T. 2023. Seasonal dissemination of
antibiotic resistome from livestock farms to surrounding soil and air:
Bacterial hosts and risks for human exposure. Journal of Environmental
Management 325:116638

Dai D, Brown C, Burgmann H, Joakim Larsson DG, Nambi |, et al. 2022.
Long-read metagenomic sequencing reveals shifts in associations of
antibiotic resistance genes with mobile genetic elements from sewage
to activated sludge. Microbiome 10(1):20

Li XY, Wu WF, Wu CY, Hu Y, Xiang Q, et al. 2023. Seeds act as vectors for
antibiotic resistance gene dissemination in a soil-plant continuum.
Environmental Science & Technology 57(50):21358-21369

Du S, Ge AH, Liang ZH, Xiang JF, Xiao JL, et al. 2022. Fumigation prac-
tice combined with organic fertilizer increase antibiotic resistance in
watermelon rhizosphere soil. Science of the Total Environment
805:150426

Wang L, Yu X. 2024. Research hotspots and evolution trends of food
safety risk assessment techniques and methods. eFood 5(6):e70025

de Jong F, Munnik T. 2021. Attracted to membranes: lipid-binding
domains in plants. Plant Physiology 185(3):707—-723

Mamode Cassim A, Gouguet P, Gronnier J, Laurent N, Germain V, et al.
2019. Plant lipids: Key players of plasma membrane organization and
function. Progress in Lipid Research 73:1-27

Bahammou D, Recorbet G, Mamode Cassim A, Robert F, Balliau T, et al.
2024. A combined lipidomic and proteomic profiling of Arabidopsis
thaliana plasma membrane. The Plant Journal 119(3):1570—1595

van Dam NM, Bouwmeester HJ. 2016. Metabolomics in the rhizo-
sphere: tapping into belowground chemical communication. Trends in
Plant Science 21(3):256—265

Mendes R, Garbeva P, Raaijmakers JM. 2013. The rhizosphere micro-
biome: significance of plant beneficial, plant pathogenic, and human
pathogenic microorganisms. FEMS Microbiology Reviews 37(5):634—663
Macabuhay A, Arsova B, Walker R, Johnson A, Watt M, et al. 2022.
Modulators or facilitators? Roles of lipids in plant root-microbe interac-
tions. Trends in Plant Science 27(2):180—190

Martinez E, Cosnahan RK, Wu M, Gadila SK, Quick EB, et al. 2019.
Oxylipins mediate cell-to-cell communication in Pseudomonas aerugi-
nosa. Communications Biology 2(1):66

Chan S, Xiong P, Zhao M, Zhang S, Zheng R, et al. 2024. Anti-inflamma-
tory effects of natural products from vitamin C-rich fruits. Food Fron-
tiers 5(6):2383-2422

Chen P, Yu K, He Y. 2023. The dynamics and transmission of antibiotic
resistance associated with plant microbiomes. Environment Interna-
tional 176:107986

Nesru Y, Ahmed M, Mengistu A, Naimuddin M. 2025. Phytochemical
screening and inhibitory effects of Catha edulis Forsk extracts on
oxidation, growth, biofilm and quorum sensing of selected pathogens.
Journal of Genetic Engineering and Biotechnology 23(4):100560

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

page 130f13


https://doi.org/10.1016/j.scitotenv.2018.08.101
https://doi.org/10.1016/j.scitotenv.2020.140457
https://doi.org/10.1016/j.scitotenv.2020.140457
https://doi.org/10.1016/j.scitotenv.2020.140457
https://doi.org/10.1016/j.envint.2024.109180
https://doi.org/10.1007/s11356-024-32578-6
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1039/c9en00137a
https://doi.org/10.1039/c9en00137a
https://doi.org/10.1039/c9en00137a
https://doi.org/10.1039/c9en00137a
https://doi.org/10.1007/s11306-020-01717-8
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1021/acs.est.1c08733
https://doi.org/10.1128/AEM.02106-19
https://doi.org/10.1128/AEM.02106-19
https://doi.org/10.1016/j.scitotenv.2018.10.268
https://doi.org/10.1016/j.envint.2021.106502
https://doi.org/10.1016/j.envint.2021.106502
https://doi.org/10.3390/microorganisms5040070
https://doi.org/10.1016/j.envpol.2019.113709
https://doi.org/10.1016/j.agwat.2019.105776
https://doi.org/10.1016/j.envres.2018.12.007
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1111/j.1469-8137.2009.03079.x
https://doi.org/10.1016/j.jenvman.2022.116638
https://doi.org/10.1016/j.jenvman.2022.116638
https://doi.org/10.1186/s40168-021-01216-5
https://doi.org/10.1021/acs.est.3c05678
https://doi.org/10.1016/j.scitotenv.2021.150426
https://doi.org/10.1002/efd2.70025
https://doi.org/10.1093/plphys/kiaa100
https://doi.org/10.1016/j.plipres.2018.11.002
https://doi.org/10.1111/tpj.16810
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1016/j.tplants.2021.08.004
https://doi.org/10.1038/s42003-019-0310-0
https://doi.org/10.1002/fft2.433
https://doi.org/10.1002/fft2.433
https://doi.org/10.1002/fft2.433
https://doi.org/10.1016/j.envint.2023.107986
https://doi.org/10.1016/j.envint.2023.107986
https://doi.org/10.1016/j.envint.2023.107986
https://doi.org/10.1016/j.jgeb.2025.100560
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Experimental design and sample collection
	DNA extraction and high-throughput quantitative PCR
	16S rRNA gene amplicon sequencing
	Soil metabolites detection and differential metabolite analysis
	Statistical analysis

	Results
	ARG profiles in rhizosphere and non-rhizosphere soils
	Diversity and abundance of ARGs gradually decreased from root to edible part
	ARG enrichment was lower in fruit plants and higher in leaf plants
	MGEs significantly correlated with the spread of ARGs in the soil-plant system
	Differences in soil and plant-associated bacterial communities
	Multiple factors driving ARGs transmission in the soil-plant systems

	Discussion
	Different plant types affected the distribution of manure-derived ARGs in soil-plant systems
	Lipid metabolites in plant roots coordinated the transport differences of ARGs in different crops by regulating microbial communities

	Conclusions
	Supplementary information
	Author contributions
	Data availability
	Funding
	Declarations
	Competing interests

	References

