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Abstract: The plant-associated bacteria, including that in the rhizosphere and rhizoplane, play impor-
tant roles in human exposure to antibiotic-resistant bacteria (ARB). The rhizosphere and rhizoplane
represent two distinct environments with different selective pressures for bacterial colonization.
However, whether the difference in characteristics between the rhizosphere and rhizoplane can affect
the abundance and antibiotic resistance profiles of ARB colonizing, the two environments remain
largely unknown. In this study, we obtained 174 bacterial isolates from the rhizosphere (113 isolates)
and rhizoplane (61 isolates) of Citrus medica trees grown in a park, where humans could easily
and frequently contact the trees. A very high proportion of isolates exhibited resistance to several
clinically important antibiotics, including β-lactam class antibiotics and polymyxin, with several
known antibiotic-resistant opportunistic pathogens, such as Micrococcus luteus, being identified. The
prevalence of ARB in the rhizoplane was higher than that in the rhizosphere. While the prevalence of
polymyxin-resistant isolates was higher in the rhizoplane, the prevalence of amphenicol-resistant
isolates was significantly higher in the rhizosphere. In summary, our findings suggest that the rhizo-
sphere and rhizoplane are important media for the spread of ARB, and the different characteristics
between the two environments can affect the distribution of ARB.

Keywords: antibiotic-resistant bacteria; rhizosphere; rhizoplane; Citrus medica

1. Introduction

Antibiotics are important for treating bacterial infections in humans and animals.
They also have nonmedical applications. However, recently, excessive and inappropriate
use of antibiotics, which is estimated to be as high as 100–200 thousand tons annually
worldwide, has resulted in a substantial increase in the rates of environmental release of
antibiotics [1]. The released antibiotics can enter various environmental compartments
through several ways, including urban wastewater and agricultural practices, such as the
use of antibiotic-polluted manure, among others [1,2]. Such antibiotic release accelerates
the spread and evolution of antibiotic-resistant bacteria (ARB) in the environment. Certain
ARB, particularly pathogenic ones, may enter the human intestinal tract through direct
contact, plant-mediated transmission, and other modes of transmission, thereby seriously
threatening public health [3–5].

Soil is an important environmental component that receives released antibiotics as well
as ARB from wastewater, livestock manure, and several other media. Notably, antibiotics
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and ARB in the soil get enriched in plant root-associated environments, enter the plants, and
then get transmitted to humans via the food chain and direct contact, among others [6–8].
For instance, various opportunistic pathogens, particularly ARB, which can infect humans,
have been identified in plant root-associated environments, including the rhizosphere and
rhizoplane [9,10]. Several taxa belonging to Enterobacteriaceae, including several known
opportunistic pathogens causing serious foodborne human diseases associated with the
consumption of Eruca vesicaria (arugula, a salad plant), were found to be key members of
the arugula microbiota and were resistant to several antibiotics [11,12]. Thus, the plant
microbiome has been recognized be crucial for human exposure to ARB [5].

The rhizosphere and rhizoplane are important environments for microbial colonization
and transmission within the plant microbiome [13]. Compared with the rhizosphere, the
rhizoplane has more abundant and easy-to-use nutrients but many more severe plant- and
microbe-derived stresses for bacterial colonization [13]. Given these distinct differences be-
tween the rhizosphere and rhizoplane, the composition of bacterial communities colonizing
the rhizosphere and rhizoplane of several plant species is dramatically different. The preva-
lence of several taxa significantly differs between the rhizosphere and rhizoplane, reflecting
the differences in nutrient utilization and stress adaptation strategies of these bacteria in the
two environments [13–15]. However, whether and to what extent nutrient availability and
stress pressure differences between the rhizosphere and rhizoplane can affect the antibiotic
resistance profiles of the bacteria colonizing the two environments remain unclear. In this
study, we assessed the antibiotic resistance profiles of bacterial strains isolated from the rhi-
zosphere and rhizoplane of C. medica at Yangzhou Zhuyu Bay Scenic Spot (Yangzhou Zoo),
where humans can closely contact the trees. Modified medium, prepared by autoclaving the
phosphate buffer and agar components separately (termed as PS medium) before solidifi-
cation, was used in this study [16]. A previous study reported that phosphate buffer and
agar can react and generate hydrogen peroxide (H2O2) in the resulting medium (PT medium)
when mixed together before autoclave, thereby markedly reducing the cultivation efficiency.
By contrast, PS medium can minimize the production of reactive oxygen species (ROS) and
adverse compounds, such as H2O2, which inhibit the formation of microbial colonies [16].
Thus, the cultivability of microorganisms, particularly slow-growing bacteria, can be markedly
improved by using PS medium [17]. In this study, we used PS medium to obtain 174 bacterial
isolates from the rhizosphere and rhizoplane of C. medica (113 from the rhizosphere and 61
from the rhizoplane). We assessed the antibiotic resistance profiles of these isolates using 13
widely used antibiotics to determine the risk of transmission, of ARB to humans, from such
easily accessible environments and to understand whether, and to what extent, the distinct
characteristics of the rhizosphere and rhizoplane can affect the antibiotic resistance profiles of
the bacteria colonizing these environments.

2. Materials and Methods
2.1. Sample Collection and Bacterial Isolation

Soil samples were collected from the rhizosphere and rhizoplane of four C. medica
plants grown at Yangzhou Zhuyu Bay Scenic Spot (Yangzhou Zoo) (32.24◦ N, 119.26◦ E),
Yangzhou, China, on 22 August 2020. The park is located in the northwest of Yangzhou City,
with a distance of 5 km from the downtown area, and covers an area of around 50 hectares.
Approximately 600–800 guests visit the park each day. The C. medica trees were around
15 years old, and they were located in the center region of the park, with rest chairs located
1 m away from the trunk of these trees. The trees were treated with livestock manure at
least once every year. The four trees were around 4 m away from each other. The soil
samples were collected from four corners around 1 m away from the trunk (Figure S1). Soil
cores with fine roots (i.e., roots with approximately 1-cm-thick adjoining soil layers) were
collected from the four corners of each tree (more than 1 kg), were mixed together, and
placed in sterile ziplock bags. The samples were then placed on ice and quickly brought
back to the laboratory for processing. Loosely attached soil on the roots was removed
with gentle shaking, and tightly attached soil on the roots (1–2 mm thick) was collected
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using sterile soft brush pencils. For each of the obtained soil samples from the rhizosphere,
1 g of soil was suspended in 49 mL sterile 0.9% NaCl. Then, the treated fine roots were
placed in a 50 mL centrifuge tube containing precooled 0.9% NaCl solution and four to
five glass balls (diameter of approximately 5 mm). The samples were vortexed at maximal
speed (3200 rpm) for 10 min, following which the fine roots in the centrifuge tube were
removed and discarded using a sterile tweezer. The tube containing only the rhizoplane soil
suspension was centrifuged at 4 ◦C at 12,000× g for 3 min, following which the supernatant
was discarded and resuspended in 49 mL 0.9% NaCl.

The soil samples from the rhizosphere and rhizoplane were 10-fold diluted to 10−6,
using 0.9% NaCl solution, and shaken at 200 rpm at 28 ◦C for 1 h. Following this,
100 µL suspension, from 10−4 to 10−6, was spread and plated on PS medium [16], with
three replications being performed per dilution. The plates were incubated at 28 ◦C, for
3–10 days, in a bacteriological incubator. Distinct colonies were isolated, purified, and
sub-cultured more than thrice in the PS medium.

2.2. DNA Extraction and Taxonomic Classification

The DNA of the isolates was extracted using the TIANamp Bacteria DNA Kit (TIAN-
GEN, Beijing, China). The 16S rRNA gene universal primers 27F (5′-AGAGTTTGATCCTGG
CTCAG-3′) and 1492R (5′-TACGGCTACCTTGTTACGACTT-3′) were used for PCR ampli-
fication. The PCR amplified products were purified and sequenced by Suzhou Jinweizi
Biotechnology Co., Ltd., Suzhou, China. The taxonomic affiliation of the isolates was then
determined using the EzBioCloud database [18]. The maximum likelihood phylogenetic tree
was reconstructed using IQ-TREE [19]. The tree was annotated and visualized using the iTOL
online browser (https://itol.embl.de/) (accessed on 17 August 2021) [20]. The 16S rDNA
sequences have been deposited in the NCBI GenBank database under accession numbers
OP108637 to OP108810.

2.3. Antibiotic Susceptibility Assay

The minimal inhibitory concentration (MIC) of 13 widely used antibiotics, namely
β-lactam class antibiotics (ampicillin, clofazimine, and cefotaxime), tetracycline, polymyxin,
carbapenem class antibiotics (meropenem), aminoglycoside class antibiotics (gentamicin,
amikacin, and streptomycin), phenylpropanol class antibiotics (florfenicol), quinolone class
antibiotics (nalidixic acid and ciprofioxacin), and chloramphenicol, against the isolates
was determined using the agar dilution method [21]. The antibiotics were diluted to
approximate concentrations [22], using sterilized MH agar (Mueller–Hinton Broth) solution,
at a ratio of 1:19, to prepare antibiotic-containing agar plates. The MH medium (1 L) is
comprised of beef extract (3.0 g), acid hydrolysate of casein (17.5 g), starch (1.5 g), and agar
(15 g). The isolates were diluted to proper concentrations using liquid PS medium, and
the diluents of different isolates were inoculated on the antibiotic-containing agar plates
using a multipoint inoculator, followed by incubation at 28 ◦C for 2–5 days. The MIC of the
antibiotics, to inhibit the growth of the isolates, was determined based on the resistance
index, as described by the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) [22] for each antibiotic, and the resistant or sensitive phenotypes of the isolates
were recorded accordingly.

2.4. Statistics Analysis

Fisher’s exact test was used to compare the taxonomic affiliation and antibiotic resis-
tance profile differences between the bacterial isolates from the rhizosphere and rhizoplane.
The figures were drawn using GraphPad Prism (version 7.0, GraphPad Software Inc.; San
Diego, CA, USA).

https://itol.embl.de/
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3. Results
3.1. Isolation and Identification of Bacterial Isolates from the Rhizosphere and Rhizoplane of
C. medica

In total, 174 bacterial isolates were obtained from the rhizosphere and rhizoplane of
C. medica (61 from the rhizoplane and 113 from the rhizosphere). The 174 isolates belonged
to four bacterial phyla: Proteobacteria (121 isolates), Actinobacteria (40), Firmicutes (12), and
Bacteroidetes (1) (Figure 1 and Table S1). The four phyla were further divided into six classes.
Three of these classes belonged to Proteobacteria: Alpha-proteobacteria (100 isolates, 56.9%
of the total 174 isolates), Gammaproteobacteria (15 isolates, 8.6%), and Beta-proteobacteria
(six isolates, 3.4%). The other three classes were Actinomycetia belonging to Actinobacteria,
Bacilli belonging to Firmicutes, and Chitinophagia (one isolate) belonging to Bacteroidetes.
The isolates were further classified into 15 orders, 24 families, and 38 genera. Ensifer
(37 isolates), Streptomyces (28 isolates), and Rhizobium (24 isolates) were the most frequently
identified genera (Figure 1 and Table S1).
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Figure 1. The taxonomic distribution of bacterial isolates, obtained from the rhizosphere and rhizo-
plane of C. medica, shown on Phylum (A), Class (B), Order (C), and Genera (D) level. Items labeled
with * are taxa exhibiting significantly higher prevalence in the rhizosphere compared with the
rhizoplane, while items with # are those with higher prevalence in the rhizoplane compared with the
rhizosphere (Fisher’s exact test, p < 0.05).

3.2. Comparison of Taxonomic Distribution between Isolates from the Rhizoplane and Rhizosphere

Except for the sole isolate belonging to Bacteroidetes, which was obtained from the
rhizoplane, the isolates belonging to the remaining three phyla had a similar prevalence in
both the environments (Fisher’s exact test, p > 0.05). At the class level, the distribution of
bacterial communities did not differ significantly between the rhizosphere and rhizoplane.
However, the order Sphingomonadales was more prevalent in the rhizoplane (seven isolates,
12.96% of the total 61 isolates) than in the rhizosphere (one isolate, 0.89% of the total
113 isolates) (p < 0.05, Fisher’s exact test, two-tailed). In addition, isolates belonging
to Rhodobacterales and Chitinophagales were only detected in the rhizoplane, while those
belonging to Propionibacteriales and Cellulomonadales were only detected in the rhizosphere.

At the family level, Rhizobiaceae, the predominant family, containing 54 isolates (47.79%)
from the rhizosphere and 12 isolates (19.67%) from the rhizoplane, was less prevalent in the
rhizoplane (p < 0.05, Fisher’s exact test, two-tailed) (Figure 2). Similar to the findings at the
order level, the prevalence of isolates belonging to Sphingomonadaceae, a family belonging to
Sphingomonadales, significantly differed between the rhizosphere and rhizoplane (p < 0.05,
Fisher’s exact test, two-tailed). At the genus level, Rhizobium was found to be depleted in
the rhizoplane [21 isolates (18.58%) from the rhizosphere and three isolates (4.92%) from
rhizoplane] (p < 0.05, Fisher’s exact test, two-tailed). On the other hand, the prevalence of
Bradyrhizobium was higher in the rhizoplane than in the rhizosphere [two isolates (1.77%)
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from the rhizosphere and five isolates (8.20%) from the rhizoplane]. A similar trend was
noted in the prevalence of Sphingomonas (one isolate from rhizosphere and four isolates
from rhizoplane), suggesting that these two genera were more abundant in the rhizoplane.
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3.3. Comparison of Antibiotic Resistance Profiles between Isolates from the Rhizoplane and Rhizosphere

In total, 141 (81.03%) out of 174 isolates were found to be resistant to at least one of
the 13 tested antibiotics [23] (Table S1). Several ARB, which are known to be opportunistic
pathogens causing infectious diseases in clinical settings, were identified in this study.
These included Micrococcus luteus (isolate 2-13-826-2), Agrobacterium radiobacter (isolate
2-8-1) [24], Brevundimonas vesicularis (isolates 2-5-6 and 3-8-91-3r) [25], and B. diminuta
(isolates 2-2-9, 5-9-3 and 5-9-9) [26].

Most isolates from the rhizosphere and rhizoplane were sensitive to tetracycline
(96.46% and 91.80%, respectively), phenylpropanol (87.61% and 88.52%, respectively), and
carbapenems (80.53% and 81.97%, respectively) but resistant to β-lactam class antibiotics
(67.26% and 63.93%, respectively) (Figure 3). The prevalence of isolates resistant to the
aforementioned antibiotics did not differ significantly between the rhizosphere and rhi-
zoplane (Fisher’s exact test, two-tailed, p > 0.05). However, the rhizoplane was found to
harbor more antibiotic-resistant isolates (53 isolates, 86.89% of the total 61 isolates) than the
rhizosphere (88 isolates, 77.88%), although the difference was not significant (Fisher’s exact
test, two-tailed, p = 0.16).
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and rhizoplane was shown in the figure. Fisher exact test was used for antibiotic resistance profile
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Interestingly, the rhizoplane harbored more polymyxin-resistant isolates than the rhizo-
sphere (60.66% and 44.25%, respectively) (Fisher’s exact test, two-tailed, p = 0.056). On the
other hand, the rhizosphere harbored significantly higher numbers of amphenicol-resistant
isolates than the rhizoplane (p < 0.05, Fisher’s exact test, two-tailed). The polymyxin-
resistant isolates identified in the rhizoplane mainly belonged to 13 families, with Rhizobi-
aceae (20% of the total resistant isolates), Streptomycetaceae (20%), and Sphingomonadaceae
(14%) being the predominant families (accounting for 60% of the identified polymyxin-
resistant isolates). The polymyxin-resistant isolates identified in the rhizosphere mainly
belonged to Rhizobiaceae and Streptomycetaceae (47% and 22% of the resistant isolates, re-
spectively) (Table S1). Additionally, 7 (58%) out of 12 Rhizobiaceae isolates, 7 (88%) out of
8 Streptomycetaceae isolates, and 5 (71%) out of 7 Sphingomonadaceae isolates were resistant
to polymyxin in the rhizoplane; however, 44% and 55% of the Rhizobiaceae and Streptomyc-
etaceae isolates, respectively, were resistant to polymyxin in the rhizosphere. Rhizobiaceae
also comprised the largest number of amphenicol-resistant isolates. The prevalence of
amphenicol-resistant isolates in the rhizosphere was significantly higher than that in the
rhizoplane (p < 0.05, Fisher’s exact test, two-tailed). Notably, we obtained seven Bradyrhizo-
bium isolates; while four out of the five isolates from the rhizoplane were resistant to at least
one antibiotic, both isolates from the rhizosphere were sensitive to all the tested antibiotics.

4. Discussion

In this study, 174 isolates were obtained from the root-associated niches of C. medica,
including 113 isolates from the rhizosphere and 61 isolates from the rhizoplane. The preva-
lence of isolates belonging to certain taxa, such as Sphingomonadales and Rhizobium, signifi-
cantly differed between the rhizosphere and rhizoplane. Moreover, several other taxa were
detected only in the rhizosphere or rhizoplane, suggesting colonization and preference dif-
ferences in the bacterial isolates located in the two distinct environments [13,27,28]. Several
opportunistic pathogens, such as M. luteus isolate 2-13-826-2 and five Brevundimonas spp.
isolates, were also detected, suggesting that the root-associated environments are important
reservoirs of pathogens that can infect humans and may pose a serious threat to public
health [9,10].

In this study, 81.03% (141 isolates) of the total 174 isolates were resistant to at least
one antibiotic. The high prevalence of antibiotic-resistant isolates identified in this study
might be, at least partially, due to the livestock manure applied to the trees, as well
as the plant and microbiome-derived selective pressures for the bacteria colonizing the
root-associated environments [13,27–30]. It is well-known that the livestock manures
usually contain antibiotic residuals and ARB [29]. The antibiotic resistance and stress
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tolerance abilities of bacteria are also suggested to be positively correlated [30]. The
root-associated bacteria, including that colonizing the rhizosphere and rhizoplane, play
important roles in plant growth and health maintenance [13–15]. Several taxa that contain
plant beneficial members, such as Bradyrhizobium spp. and Variovorax spp. [14,15], were also
identified in this study. However, the antibiotic resistance of these root-associated bacteria
could not be neglected. Our sampling sites were located in a park visited by tourists;
thus, these sites were easily and frequently contacted by humans. The high antibiotic
resistance of the isolates identified in our study illustrates the prevalence of ARB in the
plant microbiome, which may threaten human health. Most isolates were resistant to
β-lactam class antibiotics, including ampicillin, clofazimine, and cefotaxime. β-lactam class
antibiotics contain a β-lactam ring in their chemical structure and are the most widely used
antibiotics at present [31,32]. In recent years, β-lactam-resistant pathogens have become
a serious threat in clinical settings [33]. Notably, the opportunistic pathogens identified
in our study, including M. luteus, A. radiobacter, and Brevundimonas spp., were all resistant
to at least one of the three tested β-lactam class antibiotics. Several infectious diseases
caused by β-lactam-resistant B. diminuta have recently been reported to seriously impact
human health [26]. The prevalence of polymyxin-resistant isolates was also very high
in our study, accounting for 60.66% and 44.25% of the isolates from the rhizoplane and
rhizosphere, respectively. Polymyxins have sometimes been the sole antimicrobial agents
remaining active against pathogens that are resistant to other widely used antibiotics
in clinical settings [34]. The emergence of polymyxin-resistant pathogens has caused
several diseases and even deaths, posing a great threat to public health [35]. All the
M. luteus, A. radiobacter, and Brevundimonas isolates (except for isolate 2-2-9) obtained
in our study were resistant to polymyxin. These results suggest the potential of these
ARB to infect humans and pose challenges to infection treatment and antibiotic usage.
Moreover, our results highlight the importance of surveillance of these antibiotic-resistant
opportunistic pathogens in environments that are closely contacted by humans. Compared
with bacteria colonizing the rhizosphere, those colonizing the rhizoplane endure many
fierce competitions from other microbes and face stronger selective pressures from the
plant host, while also having easier access to plant-derived nutrients [13,14]. In this
study, a higher percentage (86.89%) of isolates obtained from the rhizoplane exhibited
resistance to at least one antibiotic than those obtained from the rhizosphere (77.88%).
This result suggests that the antibiotic resistance could render bacteria more tolerant to
environmental stresses [30]. Interestingly, more isolates from the rhizoplane (60.66%) than
from the rhizosphere (44.25%) were resistant to polymyxin in our study (Fisher’s exact
test, two-tailed, p = 0.056). On the other hand, the prevalence of chloramphenicol-resistant
isolates was higher in the rhizosphere (31.86%) than in the rhizoplane (16.39%) (p < 0.05,
Fisher’s exact test, two-tailed). These differences in antibiotic resistance profiles, between
the bacterial isolates from the rhizosphere and rhizoplane, may be correlated with the
selective pressure differences in the two environments and should be explored further in
future research.

Overall, we obtained 174 bacterial isolates from the rhizosphere and rhizoplane of
C. medica trees grown in a park, which humans could easily and frequently visit. The
taxonomic that distribution of the isolates differed between the rhizosphere and rhizoplane,
suggesting that nutrient availability and selective pressure differences between the two
environments played an important role in shaping the bacterial communities colonizing
the rhizosphere and rhizoplane. A very high proportion of isolates exhibited resistance to
several clinically important antibiotics, including β-lactam class antibiotics and polymyxin,
with several known antibiotic-resistant opportunistic pathogens being identified. However,
the isolates were obtained from four trees in this study, so more comprehensive investi-
gations on the ARB prevalence in the root-associated environments should be performed.
Nevertheless, these results suggest both the risk of these pathogens in such closely related
environments and the importance of surveillance of these antibiotic-resistant opportunistic
pathogens in such environments. Furthermore, the prevalence of isolates resistant to certain
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antibiotics significantly differed between the two environments. These findings indicate
the co-occurrence and, perhaps, co-evolution of antibiotic resistance and microbial and
plant host-derived selective pressures in the two environments, which need to be assessed
further in future research.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms10091708/s1, Table S1: Taxonomic distri-
bution and antibiotic resistance profiles of the 174 bacterial isolates. Figure S1: The sample collection
approach used for collecting the rhizosphere and rhizoplane soil samples of C. medica trees. The
arrows denoted the four sites for sample collection.
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