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A B S T R A C T

High-throughput quantitative polymerase chain reaction (PCR) of antibiotic resistance genes (ARGs) was used to
profile the composition and diversity of ARGs in biosolid-amended soil and in lettuce roots and shoots. Biosolid
application significantly increased the ARGs in soil and influenced the soil antibiotics resistome mainly through
exogenous introduction. Four dominant ARGs occurred in sterilized and water-washed leaves, namely catB8,
php, vanB and str, which accumulated to> 50% of total abundance. Nine subclasses of ARGs were determined in
both sterilized and water-washed leaves, and they were shared ARGs among soil, roots and shoots. This suggests
that the ARGs in ready-to-eat lettuce were mainly located in endophytes and the internal route may contribute
more to the ARGs in routinely consumed raw lettuce. Moreover, a previously unsuspected shift in multridrug
ARGs to root and shoot compartments due to biosolid application was discovered. These results reveal that
biosolid application drives the evolution and dissemination of ARGs in the soil-plant system.

1. Introduction

Land application to agricultural fields is a common approach for the
recycling of plant nutrients in biosolids. The current regulations in
China give priority to the control of inorganic and organic pollutants in
biosolids for agricultural use (Ministry of Environmental Protection of
the People's Republic of China, 1984; Standardization Administration of
the People's Republic of China, 2009). According to the Disposal of
Sludge from Municipal Wastewater Treatment Plants - Control Standards for
Agricultural Use (CJ/T 309–2009), Class A biosolids are licensed for the
amendment of agricultural soils for vegetable and cereal production
(Standardization Administration of the People's Republic of China,
2009). Some recent investigations show decreasing concentrations of
potentially toxic metals and organic pollutants in Chinese biosolids
(Meng et al., 2016; Yang et al., 2015; Cheng et al., 2014). However,
domestic biosolids are hotspots of antibiotic resistance genes (ARGs)
(Rodriguez-Mozaz et al., 2015; Su et al., 2015; Michael et al., 2013;
Zhang and Zhang, 2011). Thus, increasing application of biosolids may
be carried out legally with no regard for the risk of disseminating ARGs
into agricultural products.

The occurrence of antibiotic resistance genes is natural (Martínez,

2008). However, human activities such as biosolid application accel-
erate the evolution and dissemination of resistance. On one hand,
exogenous ARGs might remain in soil microorganisms (Rahube et al.,
2016; Heuer et al., 2008) due to their co-resistance to other pollutants
conferring a survival advantage to their host (Stepanauskas et al.,
2005). For example, an efflux pump may work for resistance to both
antibiotics and potentially toxic metals (Martínez et al., 2009; Baker-
Austin et al., 2006). On the other hand, indigenous ARGs may be sti-
mulated by nutrients and other chemical compounds in addition to
antibiotics (Chen et al., 2017a; Hu et al., 2016, 2017).

Application of biosolids to agricultural land may raise human ex-
posure to ARGs. Consumption of raw leaf vegetables may therefore be a
route of increasing direct human exposure to ARGs (Wang et al., 2015;
Rahube et al., 2013). Uncooked vegetables such as lettuce are popular
in salads. ARGs can spread with endophytes or by adhering to plant
surfaces (Chen et al., 2017b; Yang et al., 2016). The genes sul2, ermE,
strA and tetT have been detected in vegetables grown on land to which
biosolids have been applied (Lau et al., 2017). The ARGs tetC, tetD,
qacH, aadD and emrB have been reported to show higher risks of ad-
hesion to edible plants with organic fertilizer amendment (Lau et al.,
2017; Rahube et al., 2016). Zhu et al. (2017) detected higher
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abundance of ARGs in organic than in conventionally produced lettuce.
However, the influence of biosolid application on the evolution and
distribution of ARGs in arable crops remains to be investigated.

The resistome is the aggregation of ARGs in an ecosystem and it can
provide an early warning of emerging and multiple resistances (D'Costa
et al., 2006). Previous studies have focused on the risks of biosolid
application in regard to changes in the abundance of ARGs but have not
addressed the evolution of the resistome (Lau et al., 2017). Current
antibiotic resistance problems always involve multiple resistance. Fur-
ther research is therefore required to study the variation in the re-
sistome.

The dissemination of ARGs depends mainly on the growth of mi-
crobes. The ARG profile and bacterial community might co-evolve with
a changing territorial environment (Wu et al., 2017; Laskaris et al.,
2010). However, various bacterial phyla are found to be related to the
evolution of ARGs (Pu et al., 2018; Xiong et al., 2018; Chen et al., 2016;
Huerta et al., 2013). Indeed, the horizontal gene transfer of plasmids
may contribute to the dissemination of ARGs and this suggests that
there will be higher risks of the prevalence of ARGs following biosolid
application.

The present study was designed to profile the evolution and dis-
tribution of ARGs driven by biosolid application. Targeting of 295
primer sets was involved to comprehensively represent the antibiotic
resistome in soil, roots, shoots and ready-to-eat lettuce. Illumina se-
quencing of 16 S rRNA gene-base communities was conducted. The
specific objectives were to investigate the impacts of biosolid applica-
tion on the abundance and structures of ARGs in soil and lettuce at
harvest, to study the distribution of ARGs in lettuce, and to deduce the
main patterns of the evolution and distribution of ARGs following ap-
plication of biosolids.

2. Materials and methods

2.1. Pot experiment and sampling

The rooting zone (top 15 cm) of a Typic Hapli-Stagnic Anthrosols
profile was sampled at Suzhou city (31.45° N, 120.43° E), Jiangsu
province, east China. After air-drying and sieving through a 4-mm
nylon mesh, the soil was placed in plastic pots. Biosolid samples were
collected from a domestic wastewater treatment plant in Suzhou city.
The biosolid samples were composted in the shade until they reached
the standard moisture content (CJ/T 309–2009,< 60%). They were
stirred every other day to minimize their heterogeneity. Physico-che-
mical properties of the test soil and biosolids were determined before
mixing and are shown in Table 1. Seeds of the test lettuce (Lactuca
sativa L. var. ramosa Hort.) were purchased from Jinshengda Seed Co.
Ltd., Nanjing, east China.

The pot experiment was conducted in a glasshouse at the Institute of
Soil Science, Chinese Academy of Sciences, Nanjing, Jiangsu province.
The temperature was controlled at 30 °C throughout the day with illu-
mination of 10000 lux for 16 h per day. Each pot contained 2.0 kg of
sieved soil (oven dry basis). The application rates of the biosolids as a
percentage of the soil weight (DM basis) were 0 (control), 0.3, 1.3 and
3%. The moisture content of the biosolids was 60%. The biosolids and
soil were mixed 40 days before sowing of the seeds. Three lettuce plants
were grown in each pot and there were three replicate pots of each
treatment. Deionized water was added daily to maintain the soil at 70%
of water holding capacity (WHC). The lettuce was harvested after 63
days of growth.

Fresh soil samples were collected at the lettuce harvest and pre-
pared immediately by flash freezing using liquid nitrogen. They were
then freeze-dried in a FreeZone 4.5 L (Labconco Company, Kansas City,
MO). Each harvested whole lettuce was washed with tap water and then
sterilized Milli-Q water (18.2MΩ cm, 25 °C). The shoot was divided
into two equal parts, one of which was surface sterilized together with
the roots and the other was flash frozen and stored freeze-dried. Surface

sterilization was done according to Zimmerman and Vitousek (2012).
Soil samples were stored at −80 °C prior to determination of anti-

biotics and DNA extraction. Other portions were stored at room tem-
perature for determination of soil physicochemical properties and total
concentrations of potentially toxic metals.

2.2. Determination of soil physicochemical properties

Soil pH, cation exchange capacity (CEC), organic matter content
(OM), available NPK, and total NPK were determined using the stan-
dard methods described by Sparks et al. (1996).

2.3. Determination of potentially toxic metals in soil and plants

Soil and lettuce samples were digested using a modification of the
high-pressure sealed digestion method (Zhou et al., 2016). The test
samples were ground and sieved through a 0.15-mm nylon mesh. The
unsterilized shoots were used for trace metal analysis. Subsamples of
soil (0.2000 g) or shoots (0.5000 g) were digested in 8-mL acid mixture
(soil, HNO3: HF: H2O2, 5:2:1 (v/v/v); shoots, HNO3:H2O2, 6:2 (v/v) in a
high-pressure sealed reaction vessel. The digests were diluted to 10mL
with Milli-Q water (18.2 MΩ cm, 25 °C) and filtered through a 0.45-μm
filter. The metal concentrations were determined by ICP-MS (7700x,
Agilent Technologies, Santa Clara, CA). Certified reference materials
GBW07429 and GBW10020 (National Geochemical Standard Materials,
China) were used for QA/QC of soil and plant digestion, respectively.

2.4. Determination of antibiotics in soil

Tetracycline (TC), oxytetracycline (OTC), chlortetracycline (CTC),
doxycycline (DOC), norfloxacin (NFC), ofloxacin (OFC), ciprofloxacin
(CFC), enrofloxacin (EFC), roxithromycin (RTM), sulfadiazine (SDZ),
sulfadimethoxine (SDM), sulfaclozine (SCZ), sulfaquinoxaline (SQX),
sulfameter (SM), sulfamonomethoxine (SMM), sulfamethoxazole (SMX)
and sulfamethazine (SMZ) were determined by methods described
previously (Huang et al., 2013).

2.5. Soil DNA extraction

Soil total DNA was extracted from 0.5-g samples and total shoot

Table 1
Antibiotics in the selected biosolids and soil (μg kg−1). The biosolid samples
were collected before application and soil samples were collected at the vege-
table harvest.

Antibiotics Biosolids Control 0.3%SS 1.3%SS 3%SS

Tetracyclines
Tetracycline (TC) 644 2.19 2.48 2.49 8.66
Oxytetracycline (OTC) 1714 2.22 4.88 8.81 15.05
Chlortetracycline (CTC) 520 1.98 2.43 2.06 7.07
Doxycycline (DOC) 64.8 1.20 1.95 3.09 2.31
Fluoroquinolones
Norfloxacin (NFC) 3892 13.15 28.68 47.53 99.03
Ofloxacin (OFC) 2225 4.36 11.24 22.93 46.03
Ciprofloxacin (CFC) 1399 8.28 9.70 13.95 21.98
Enrofloxacin (EFC) 49.6 3.09 3.26 3.28 4.39
Macrolides
Roxithromycin (RTM) 56.3 0.21 0.19 0.31 0.34
Sulfonamides
Sulfadiazine (SDZ) 6.55 – – – –
Sulfamethoxazole (SMX) 4.97 – – – –
Sulfamethazine (SMZ) 5.41 – – – –
Sulfamonomethoxine (SMM) 1.43 – – – –
Sulfaquinoxaline (SQX) 5.04 – – – –
Sulfadimethoxine (SDM) 3.44 – – – –
Sulfaclozine (SCZ) 6.44 – – – –
Sulfameter (SM) 3.68 – – – –
SUM 10602 36.7 64.8 104 205
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DNA from 0.2-g samples using FastDNA SPIN Kits (MP Biomedicals,
Santa Ana, CA). The quality and concentration of DNA were determined
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher,
Waltham, MA) and QuantiFluor dsDNA system (Promega, Madison,
WI). The DNA samples were stored at −20 °C until use.

2.6. High-throughput quantitative PCR

A Wafergen SmartChip Real-time PCR system (Wafergen, Fremont,
CA) was used to perform the high-throughput quantitative PCR of the
ARGs. After a hot start at 95 °C for 10min, 40 cycles of repeated am-
plification were carried out with denaturation at 95 °C for 30 s and
annealing at 60 °C for 30 s according to previous studies (Wang et al.,
2014). There were 296 primer sets involved targeting 213 antibiotic
resistance genes (ARGs), 10 mobile genetic elements (MGEs) and 1 16 S
rRNA gene (Table S1). The detection limit was set to a threshold cycle
(Ct) of 31. Three technical replicates were made for each sample. The
samples were positive for quantification when Ct values of at least two
replicates were above the detection limit. The gene copy number was
calculated by 10(31−Ct)/(10/3), and the relative abundance of ARGs was
calculated by dividing the targeted ARG copy number by that of 16s
rRNA. ARG profiles were categorized into eight defined classes of an-
tibiotic resistance (Chen et al., 2016).

2.7. Illumina sequencing and analysis of 16s rRNA gene

Soil bacterial 16s rRNA (V4-V5) was amplified using primers 515F
and 907R. The PCR reactions were performed using a TransGen AP221-
02 reaction system (Destin, FL) with TransStart Fastpfu DNA
Polymerase, 20 μL with an ABI GeneAmp 9700 (Thermo Fisher,
Waltham, MA). The PCR products were quantified using a QuantiFluor
dsDNA system (Promega, Madison, WI). The amplification products
were then pooled and submitted for sequencing using an Illumina Miseq
platform (Majorbio, Shanghai, China). A Trimmomatic trimmer was
used to trim amplicon sequencing data (Bolger et al., 2014). Fast Length
Adjustment of SHort reads (FLASh) 1.2.11 was used to assemble the
reads (Magoč and Salzberg, 2011) and 30832-44283 high quality se-
quences were acquired from all samples. The generated high-quality
sequences were further analyzed by QIIME with the default parameter
(Caporaso et al., 2010). The open-reference operational taxonomic
units (OTUs) were clustered by UCLUST at the 97% similarity level
(Edger, 2010). The taxonomic classification was performed using RDP
classifier which was trained on the Greengenes version 13.5 16 S rRNA
database (McDonald et al., 2012; Wang et al., 2007).

2.8. Statistical analysis

Mean values and standard deviations were calculated using
Microsoft Excel 2017. The concentrations of antibiotics were normal-
ized to acquire Z-scores using Origin Pro 2017. The statistical analysis
was performed using the SPSS version 20.0 software package. The
statistical results were considered significant at the 5% level. Figures
were generated with Origin Pro 2017. Gephi (0.9.1) was used to vi-
sualize the co-occurrence of ARGs in the biologic flow. R with the
package “pheatmap” was used to analyze the microbial community
structure in soil and in biosolids. LEfSe (linear discriminant analysis
effect size) was performed online at http://huttenhower.sph.harvard.
edu/galaxy (Segata et al., 2011). The alpha value for a factorial
Kruskal-Wallis test and a pairwise Wilcoxon test were set at 0.05. A
threshold of 2.0 of the logarithmic LDA score was assigned for dis-
criminative features.

3. Results

3.1. Effects of biosolid application on changes in soil fertility and pH

Biosolids are a potentially useful source of plant nutrients for leafy
vegetables because of their relatively high nitrogen (N), phosphorus (P)
and organic matter (OM) contents. As shown in Table S2, soil total N
and P contents increased significantly at 3% application rate
(p < 0.05). Soil available N, available P and OM also increased sig-
nificantly at both 1.3 and 3% application rates (p < 0.05). Also, the
ratio of available N increased to 18.1, 24.6 and 23.0% at 0.3, 1.3 and
3% biosolid application rates, respectively, and the corresponding va-
lues of available P were 7.4, 10.0 and 11.4%, respectively. Soil pH
declined significantly with biosolid application but the other soil
properties tested did not change significantly at the lettuce harvest.

3.2. Effects of biosolid application on trace metal concentrations in soil and
lettuce

Table S3 shows that the trace metal concentrations in soil and let-
tuce were affected by increasing biosolid application rate. Although
zinc and copper accumulated significantly in the soil at 1.3 and 3%
biosolid application rates (p < 0.05), they still met the second level
limit of the Chinese Soil Environmental Quality Standard. Moreover,
the controlled toxic elements in lettuce, namely Pb, Cd and As, all met
the national food safety standards.

3.3. Residual antibiotics in the soil

A total of nine antibiotics were detected in the test samples
(Table 1). All subtypes of the sulfonamides were below the detection
limits. Residues of NFC, OFC and OTC showed a dose-dependent re-
lationship with biosolid application rate. Substantial accumulation of
TC, CTC, CFC, EFC and RTM occurred only at the high biosolid appli-
cation rate. As shown in Table S3, the residual rate of fluoroquinolones
was higher than that of tetracyclines or macrolides. The sum of the total
concentrations of selected antibiotics (104 and 205 μg kg−1 at 1.3 and
3% application rates, respectively) exceeded the ecotoxicity effect
trigger value of 100 μg kg−1 (AHI, 1997).

3.4. ARGs in biosolids and soil

Biosolid application changed the abundance and diversity of ARGs.
A total of 150 ARGs and 7 MEGs were detected across all the biosolid
and soil samples. The abundance of ARGs and MEGs increased with
biosolid application and reached statistical significance (p < 0.05) at
the 3% application rate (Fig. 1). In the control without biosolid
amendment the ARG classes aminoglycosides and beta-lactams were
dominant in the soil. The percentages of the ARG classes macrolide-
lincosamide-streptogramin B (MLBS), sulfonamides, tetracyclines and
vancomycin showed an upward trend with biosolid application.

The up-regulated ARGs and MGEs (p < 0.05) with biosolids ap-
plication were selected and compared with their relative abundance in
the biosolids (Fig. 2). There were 19 subtypes whose abundance
was> 0.01. There were five ARGs whose abundances were even>
0.10 under the 3% biosolids treatment, namely pikR2, mecA, vanB, aac
(6′)-II and tetL. However, the corresponding abundances in the test
biosolids were 0.04, 0.07, 0.02, 0.02 and 0.02, respectively. Most of
these increased with biosolid application in the sequence control<
0.3% < 1.3%<3% biosolids in the soil. Furthermore, some of these
were rarely detected in the control soil and increased significantly with
biosolid application, for example aac (6’)-II, vanRD, mphA, blaPSE and
ermB. There remained some soil native ARGs such as aadA-1 which
clearly increased at the 3% biosolid application rate.
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3.5. Characterization of ARGs in lettuce and their transmission pathways

The top 20 ARGs detected on surface-sterilized leaves and sterilized
Milli-Q water-washed leaves are shown in Fig. 3 and ordered from the
highest to the lowest abundance. They comprised>70% of the total
abundance and belonged to seven classes of ARGs, namely aminogly-
cosides, beta-lactams, MLSB, multidrug sources, tetracyclines, vanco-
mycin and others. catB8, php, vanB and str were the same dominant four
ARGs in both treatments. aadA1, aadA2, rarD and acrB were also found
in both surface-sterilized and sterilized Milli-Q water-washed treat-
ments but their abundances in sterilized water and washed leaves were
1.0–13 times higher. In the surface-sterilized treatment the numbers of
subtypes were similar across the different classes of ARGs (Table S4).
However, more aminoglycosides and beta-lactams were found in the
top 20 ARGs of the sterilized Milli-Q water washing treatment, making
up 50% of the total.

Shared ARGs are shown in Fig. 4 to detail the intrinsic pathway of
transmission of ARGs. A total of 140 ARGs and 9 MGEs were detected in
all test samples. Specifically, 50 ARGs were detected in soil, roots and
shoots; 27 ARGs were shared between soil and roots; 5 ARGs were
shared between roots and shoots; 5 ARGs were shared between soil and
roots; and 32, 15 and 4 ARGs were unique to soil, roots and shoots,
respectively. Turning to the MGEs, tnpA-04 and IS613 were found in
soil, root and shoot samples; TP614, IntI-1 and tnpA-03 co-occurred in
both soil and roots; tnpA-05 and tnpA-07 appeared in soil only; and
cIntI-1 and tnpA-02 were specialists in roots and shoots, respectively.

Comparing the top 20 ARGs with co-occurrence in Fig. 4, most of
the top 20 ARGs were shared in all three compartments (soil, roots and
shoots). Interestingly, vgaA and nimE were unique to shoots but tetK and
acrA were found in both roots and shoots as part of the top 20 ARGs of
surface-sterilized leaves. In contrast, aacC and mtrC were unique to soil
and belonged to the top 20 ARGs of the sterilized Milli-Q water-washed
leaves. The ARGs in sterilized leaves were traced to the roots but soil
dust will have contributed to the ARGs in water-washed leaves. Overall,
this result suggests a risk from the routine consumption of raw lettuce.

The shared 50 ARGs were used to profile the shifts in the resistome.
As shown in Fig. 5, the co-occurring ARGs were clustered together in
the control. However, they divided into two groups with biosolid ap-
plication. This calculation shows a decreasing contribution of the soil-
enriched ARGs and a relative up-regulated expression of ARGs in the
roots. In particular, the multidrug-resistant genes showed enhanced
transmission to lettuce endophytes with biosolid application.

3.6. Bacterial communities in soil and lettuce

The bacterial abundance in biosolids was significantly higher than
in the soil (p < 0.05) (Fig. S1). The number of bacteria in soil increased
with increasing biosolid application rate, namely 4.68×107,
4.91×107, 7.13×107 and 9.46×107, respectively, from the control
up to 3% biosolids amendment. The highest application rate (3%) in-
duced a significant increase in soil microbial numbers (p < 0.05).

Biosolid application changed the soil bacterial communities (Fig.
S1). To understand the changes in the soil bacterial community fol-
lowing biosolid application the OTUs>1% at family level were se-
lected and are shown in Fig. S2. The taxa which were present in high
relative abundance (RA) in the biosolids and yet low in the control soil
were considered to be biosolid-borne. The taxa with low relative
abundance in the biosolids and high in the control soil were regarded as
indigenous. Three categories of OTUs were recognized significantly at
family level based on hierarchical cluster analysis. They were then
described top-to-bottom as i) four biosolid-borne taxa that increased
with biosolid application, likely related to ARGs introduced into the
soil; ii) twenty indigenous taxa that decreased in the soil, indicating
that they were inhibited by biosolid application; and iii) twelve soil
indigenous taxa that were stimulated by biosolid application.

Shifts in the soil microbiota were further assessed by performing t-
tests (p < 0.05) and elucidating the contributions of different phyla
(Fig. 6). Application of biosolids increased the abundance of most fa-
milies in the Actinobacteria and Bacteroidetes. The abundance of fa-
milies in the Acidobacteria, Chloroflexi and Gemmatimonadetes de-
creased significantly with biosolid application. Although some families
in the Proteobacteria decreased with biosolid application, the cumula-
tive abundance of Proteobacteria still increased (Fig. S1). Xanthomo-
nadaceae (belonging to the Gammaproteobacteria) was the family with
the most significantly increasing relative abundance and the increment
was up to 11.2%. The four identified endogenous taxa were categorized
into three different phyla. Although their relative abundance increased
with biosolid application, the increment was always< 1%, too little to
fully explain the amount of increasing ARGs. This suggests that the
ARGs had undergone horizontal transfer.

The distinction between bacterial communities in the soil, roots and
shoots is visualized in Fig. S3. The species had higher diversity in soil
than in the plant parts. Actinobacteria were enriched significantly in
the shoots. The relative abundances of Planctomycetes and Acid-
obacteria were high in the soil but these two phyla were scarce in the

Fig. 1. Changes in ARGs and MGEs with different biosolid application rates.

L. Yang et al. Soil Biology and Biochemistry 122 (2018) 131–140

134



Fig. 2. Significantly changed ARGs (p < 0.05) in soils with biosolid application and their relative abundance in selected biosolids.
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roots and shoots. Although the taxa enriched in the roots were different
from those in the soil, most belonged to the Bacteroidetes and Proteo-
bacteria.

4. Discussion

4.1. Impact of biosolid application on soil ARGs

Biosolids supplied abundant nitrogen, phosphorus and organic
matter and might therefore be a potential fertilizer for leafy vegetables.
However, they might be considered unsuitable when antibiotics and
ARGs are taken into consideration. Although the concentrations of in-
dividual antibiotics were low, the sum of the concentrations often ex-
ceeded the ecotoxicity effect trigger value. Furthermore, antibiotics can
stimulate ARGs in soil at low concentrations (Andersson and Hughes,
2014) and different antibiotics might act synergistically. Our results
show that the total concentrations of antibiotics reached 104 and
205 μg kg−1, respectively, in the soil with 1.3 and 3% biosolids
amendment and they may serve to sustain the soil resistance level
(Jechalke et al., 2013; Heuer et al., 2009). The dominant ARGs in the
biosolids were also present in high abundance in the test soil and in-
creased with increasing biosolid application rate (Fig. 2). Most, for
example aac (6’)-II, vanRD, mphA, blaPSE and ermB, may be considered
to be external genes because they were rarely detected in the control
soil. The abundance of these ARGs increased to>0.01 following bio-
solid application. Stimulated native ARGs such as aadA-1 were in a
relative minority. Even the most abundant ARG in control soil, aadA1,
was not detected at 1.3 and 3% application rates. This suggests that
external loading may have been the main source in the biosolid-
amended soil.

4.2. Impact of biosolid application on transmission of ARGs

The enriched ARGs in the soil were able to spread to the lettuce
plants (Figs. 3 and 4). Washing lettuce with sterilized Milli-Q water was
intended to simulate the process of washing vegetables in order to
distinguish the ARGs derived from the biosolids from those that might
be introduced through tap water. Surface sterilization and sterilized
water washing treatments shared the same dominant ARGs, namely
catB8, php, vanB, str and aadA1. This indicates that ARGs in dietary raw
leaf vegetables might be chiefly endogenous. Clearly, washing with tap
water cannot remove this portion of ARGs, but the ARGs differed in the
sterilized and unsterilized treatments. The 20 dominant ARGs in ster-
ilized water-washed leaves belonged mainly to the classes aminogly-
cosides and beta-lactamases which comprised>50%. There were more
multidrug, tetracycline and other classes of ARGs in the sterilized
treatment. This indicates that aminoglycoside and beta-lactamase ARGs
may be more likely to be spread through contamination by soil parti-
cles. These differences in the dissemination of different classes of ARGs
have been explored to a limited extent in previous studies (Manaia,
2017).

4.3. Horizontal transfer of ARGs with biosolid application

As shown in Fig. S2, the bacterial taxa that increased significantly
with increasing biosolid application rate were the indigenous micro-
organisms in general. However, the biosolid-borne ARGs were found to
be responsible for the increasing ARG levels in biosolid amended soil.
Furthermore, the rate of increase of ARGs did not equal that of the soil
microorganisms. The rates of increase (F) were calculated as follows:

Fig. 3. Top 20 ARG subtype abundance in (A) surface sterilized leaves and (B) sterilized water-washed leaves.
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ss ss 0 0

where, RT, R0 and RSS are the abundances of ARGs or OTUs in treatment
groups, control group and test biosolids, respectively; NT, N0 and NSS

are the 16rRNA gene copies in treatment groups soils, control soil and
test biosolids; and rate denotes the biosolid application rate. Taking the
results at 3% application rate as an example, pikR2, mecA, aac, vanB and
tetL were determined to increase by 160, 56, 106, 183 and 145 times,
respectively. The Actinobacteria and Proteobacteria increased by only

2.54 and 2.94 times, respectively. The largest increasing bacterial fa-
mily, Xanthomonadaceae, increased only 2.02 times. Clearly, the in-
crease in ARGs was not due to a few species. This suggests that the
indigenous microorganisms acquired exogenous ARGs with biosolid
application (Chen et al., 2017c). In other words, HGT may play a
leading role in driving the evolution of ARGs in soil with biosolid ap-
plication.

The identification of shared ARGs and MGEs provides further evi-
dence for horizontal gene transfer. For example, cIntl-1 was unique to

Fig. 4. The co-occurrence patterns among ARG subtypes in soil, roots and shoots.

Fig. 5. Ternary plots depicting ARG distribution in soil, roots and shoots. Each point represents one ARG subtype and its position reflects the abundance with respect
to each compartment.
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the roots and Intl-1 was shared by soil and roots. Moreover, sul1 was
unique to soil, sul2 was unique to the roots, and sulA_folP was shared by
soil and roots. The class 1 integron has been found to be significantly
associated with sulfamethoxazole resistance genes (Aydin et al., 2015;
Saenz et al., 2010). The shared transposon tnpA-04 has been reported to
be highly expressed in manures, biosolids or amended soils (Li et al.,
2017; Chen et al., 2016; Xie et al., 2016; Xu et al., 2016). This may be
one of the most important MGEs involved in HGT in environmental
media. This phenomenon may explain how some ARGs are unique to
specific compartments. Different transposons or integrons might
transpose only specific ARGs to host bacteria (Jones-Dias et al., 2016;
Berendonk et al., 2015; Brooks et al., 2014).

Moreover, the tnpA gene increased significantly in soil with biosolid
application and was a shared MGE in soil, root and shoot compart-
ments. It seems that replicative transposition might play a leading role
in biosolid-driven HGT. tnpA gene protein can catalyze the synthesis of
cointegrate, a classic pattern of replicative transposition (Reed, 1981).
Once the cointegrate resolves, the ARGs will be acquired by the re-
ceptor and the original plasmid will not lose the transposons. The donor
plasmid will retain the ability to transpose and this confers a potentially
higher probability of HGT occurring.

Although HGT might be less selective, it will be better mediated by
certain microbes. Lettuce consists of its own somatic cells as an un-
damaged seed and colonization by environmental microbes will follow
as it develops and grows (Muller et al., 2016). LEfSe results at the 0.05
probability level indicate that Actinobacteria and Proteobacteria were
the main phyla in plant endophytes and this agrees with previous stu-
dies (Ulrich et al., 2008; Kuklinsky-Sobral et al., 2004; Sessitsch et al.,
2002). Indeed, they are always found to be reservoirs of ARGs (Dantas
et al., 2008; Li et al., 2006; Riesenfeld et al., 2004). This indicates a
considerable risk of human exposure to ARGs through the recycling of

biosolids with their land application in food production although they
occur at low abundance. Colonization by exogenous ARGs may lead to a
sudden outbreak (Manaia, 2017) and introducing ARGs into food pro-
duction may prove to be foolhardy.

4.4. Visualizing the resistome using HT-qPCR

HT-qPCR was performed to provide a more comprehensive profile
of ARG distribution at harvest. aadA1, acrB, msrC, tet(32)and VanRA
were found to heighten the risk of proliferation with biosolids appli-
cation. Biosolids application may drive the shifts in the resistome in
different compartments. Fig. 5 clearly shows that the expression of
some ARGs, especially multidrug resistant genes, tended to be up-
regulated in roots and shoots with biosolid application. Indeed, the
transmission ability of ARGs in the ecosystem might be an important
issue (Berendonk et al., 2015). However, they have not been found to
be important in previous studies using real-time PCR (Lau et al., 2017).

There were slight differences in bacterial taxa and ARG abundances
in soil at the 0.3% biosolid application rate and a distinct resistome
showed in the control and 0.3% biosolid application treatment. HT-
qPCR contributed to the finding that the other classes of ARGs reached
30.9% while the gene resistance to aminoglycosides decreased by
18.4%. A previous study concluded that there may be no risk from
ARGs at a low biosolid application rate (4.5 t ha−1) judging from the
abundance of ARGs (Chen et al., 2016) but the present study shows an
effect of biosolid application on the composition of ARGs even at a low
application rate (0.3%). This indicates that different classes of ARGs can
be distinguished according to their response to changes in the terrestrial
environment. Further studies are required that attach importance to the
evolution and dissemination of ARGs from the perspective of omics.

Fig. 6. Changes in OTU relative abundance at family level with different biosolid application rates. Changes in OTU relative abundance are determined by Css-C0,
where Css is OTU relative abundance in soil with biosolid application and C0 is the OTU relative abundance in the control. * represents differences reaching
significance level p < 0.05 by Student t-test.
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5. Conclusions

Biosolid application may increase the abundance of ARGs in soils
and lead to the accumulation of antibiotics. Accordingly, ARGs may be
transferred into the food chain and threaten human health. Biosolid-
borne ARGs account for the principal proportion of ARGs in soil re-
sulting from biosolid application. Following biosolid application, both
internal and external routes might contribute to the spread of ARGs
from soil to lettuce at harvest. However, the ARGs of fresh edible lettuce
will be mainly endogenous. Moreover, the transmission ability of ARGs
from soil to lettuce changed with biosolid application. The present
study indicates that biosolid application may stimulate the transfer of
some genes that confer multidrug resistance to the lettuce endophytes.
Biosolid application drives the shift in ARGs mainly through horizontal
gene transfer and this suggests higher risks of biosolid-borne ARGs
spreading in the environment without selectivity. In the future the
feasibility of biosolid application must be evaluated from the perspec-
tive of antibiotics and ARGs. Meanwhile, the abundance of ARGs should
be included in the control standards of biosolids for agricultural use.
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