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Abstract

:

Antibiotic contamination in agroecosystems may cause serious problems, such as the proliferation of various antibiotic resistant bacteria and the spreading of antibiotic resistance genes (ARGs) in the environment or even to human beings. However, it is unclear whether environmental antibiotics, antibiotic resistant bacteria, and ARGs can directly enter into, or occur in, the endophytic systems of plants exposed to pollutants. In this study, a hydroponic experiment exposing pakchoi (Brassica chinensis L.) to tetracycline, cephalexin, and sulfamethoxazole at 50% minimum inhibitory concentration (MIC) levels and MIC levels, respectively, was conducted to explore plant growth, antibiotic uptake, and the development of antibiotic resistance in endophytic systems. The three antibiotics promoted pakchoi growth at 50% MIC values. Target antibiotics at concentrations ranging from 6.9 to 48.1 µg·kg−1 were detected in the treated vegetables. Additionally, the rates of antibiotic-resistant endophytic bacteria to total cultivable endophytic bacteria significantly increased as the antibiotics accumulated in the plants. The detection and quantification of ARGs indicated that four types, tetX, blaCTX-M, and sul1 and sul2, which correspond to tetracycline, cephalexin, and sulfamethoxazole resistance, respectively, were present in the pakchoi endophytic system and increased with the antibiotic concentrations. The results highlight a potential risk of the development and spread of antibiotic resistance in vegetable endophytic systems.
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1. Introduction


Antibiotic pollutants and their environmental impacts have become a mounting concern owing to their broad usage and persistence in the environment. A large range of veterinary and human antibiotics have been detected in soil, animal manure, sediment, municipal or industry wastewater, surface water, groundwater, and drinking water samples [1,2,3,4,5,6]. In agroecosystems, the contamination of various antibiotics, such as tetracyclines, sulfonamides, and fluoroquinolones, is a substantial problem globally, and especially in China [7,8,9]. A dominant source of agricultural antibiotic contamination is due to ~75% of the antibiotics ingested by animals passing unaltered through their digestive tracts, with the result that antibiotics are released in the field directly in feces or urine, or indirectly through the application of manure as fertilizer [10,11,12]. Another source is the irrigation of crops using wastewater containing antibiotics [13,14,15].



Once antibiotics are released into agricultural lands, crops are exposed to them due to their persistence, and the level of exposure depends on the physicochemical properties of the compounds, sorption potential, and environmental conditions [16,17]. Even if some antibiotics are degraded to a certain degree, most of them are replaced by ongoing use and release [18]. Under antibiotic contamination conditions, certain pharmaceutical compounds (such as tetracycline, oxytetracycline, sulfamethazine, sulfamethoxazole, tylosin, trimethoprim, ofloxacin, ciprofloxacin, and amoxicillin) can be absorbed by plants (such as wheat, corn, rice, lettuce, cabbage, spinach, carrot, cucumber, tomato, and potato) from the growth media through their roots and accumulate [13,14,15,19,20,21,22]. Although the human health implications of antibiotic pollutants in plant crops are largely unknown, several potential adverse impacts, including allergic reactions, chronic toxic effects as a result of prolonged exposure, and even the disruption of digestive system functions, have been speculated [16,23,24]. Thus, there is a growing concern that antibiotic pollution in food crops makes its way into food supply systems.



To date, the majority of research on the impact of antibiotic contamination in plants has focused on evaluating the toxicity of antibiotics to plants or detecting the ability of antibiotics to accumulate in plants. Limited knowledge is available regarding the potential effects of antibiotic stress on the development and spread of antibiotic resistance, including antibiotic-resistant bacteria and antibiotic-resistant genes (ARGs), in plant endophytic systems. There is a diverse range of endophytic bacteria, which includes pathogens, mutualists, and commensals that grow within the roots, vasculature, and aerial tissues of plants [25]. Recently, antibiotic resistance in endophytic bacteria isolated from medicinal plants has been reported [26,27]. Our previous research also reported a high prevalence of antibiotic-resistant endophytic bacteria (AREB), including some resistant to more than three different types of antibiotics, in various manure-fertilized vegetables, such as celery, pakchoi, and cucumber [28]. However, it is unclear whether the antibiotic resistance of endophytic bacteria can be impacted directly by antibiotic pollution in the environment, especially in the edible parts of vegetables.



To assess possible consequences, pakchoi (Brassica chinensis L.), a frequently consumed vegetable in China, was selected and planted in a hydroponic system and exposed to different antibiotics. Then, the antibiotic uptake and its effects on plant growth and the presence of AREB and ARGs in the endophytic system were investigated and evaluated. The findings will facilitate a more accurate assessment of the potential risks of antibiotic contamination to food quality and environmental health.




2. Materials and Methods


2.1. Chemicals and Reagents


Tetracycline (TC, >98.0%), cephalexin (CPL, >99.0%), and sulfamethoxazole (SMX, >99.5%) were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany) and selected to represent the different classes of antibiotics (tetracyclines, β-lactams, and sulfonamides, respectively) based on their frequent usage in the local livestock farms in Xinxiang City, China [28]. Tetracyclines are broad-spectrum antibiotics that inhibit bacterial protein synthesis by preventing the attachment of aminoacyl-tRNA to the ribosomal acceptor (A) site. Resistance to tetracyclines has now emerged in many pathogenic bacteria due to genetic acquisition of tet genes, which include efflux genes, ribosomal protection genes, and enzymatic modification genes [29]. β-lactam antibiotics are the most widespread class of human antibacterials that inhibit bacteria by interfering with cell wall synthesis. The most major mechanism of bacterial resistance to β-lactam is the expression of β-lactamases that hydrolyze the antibiotic [30]. Sulfonamides, which are synthetic antibacterial drugs, inhibit bacterial folate biosynthesis by competing with the natural substrate p-amino-benzoic acid for binding to dihydropteroate synthase (DHPS), an enzyme in the folic acid synthesis pathway. Two genes, sul1 and sul2, mediated by transposons and plasmids, and expressing DHPS highly resistant to sulfonamide, have been found [31].



Methanol, acetonitrile, formic acid, and acetone of HPLC grade were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Other chemicals were of analytical grade and obtained from Yaohua Chemical Reagent Factory (Tianjin, China). Ultrapure water was supplied using a Millipore Milli-Q system (Billerica, MA, USA). Oasis HLB cartridges (hydrophilic-lipophilic balance, 6 mL, 500 mg) purchased from Waters (Milford, MA, USA) were used for the extraction and purification of the target antibiotics. Individual stock standards were prepared by dissolving antibiotics separately in methanol and were stored at −20 °C in brown vials.




2.2. Hydroponic Experimental Procedure


A hydroponic experiment with antibiotic treatments was performed in an experimental greenhouse in the College of Life Sciences, Henan Normal University, China, during the autumn of 2016. Seeds of pakchoi (B. chinensis L.) were used for this study. TC, CPL, and SMX were separately added into the hydroponic solution of the test system at two concentrations: 50% of minimum inhibitory concentration (MIC) of each antibiotic, and the MIC of each antibiotic [32]. Each of the MIC values in the hydroponic solution was set as the induced dose of resistant bacteria.



Prior to testing, the seeds were surface-sterilized in 0.1% sodium hypochlorite solution for 10 min and then rinsed with sterile deionized water [33]. Seeds on a piece of sterile filter paper were placed into 10 cm sterile Petri dishes, and 10 mL of sterile water was added. Then, the Petri dishes were covered with their lids and maintained in a dark incubator at 25 ± 2 °C. After germination, the seeds were transferred to a plastic cuboid hydroponic tank (45 × 20 × 17 cm). All tanks were wiped with 75% ethanol and thoroughly rinsed with deionized water before first use. After that, each tank was filled with 12 L of Hoagland nutrient solution [34] or Hoagland nutrient solution supplemented with an antibiotic. The treatments were as follows: (1) control with no antibiotics added; (2) TC-treated (at concentrations of 8 and 16 mg·L−1, respectively); (3) CPL-treated (at concentrations of 32 and 64 mg·L−1, respectively); and (4) SMX-treated (at concentrations of 38 and 76 mg·L−1, respectively). Each treatment was designed with three replicates, and a total of 21 hydroponic tanks were used in the present study. Additionally, each tank had nine cylindrical holes (4 cm depth and 3 cm diameter) in its cover containing sponges (3 × 3 × 2.5 cm) in individual cylinders as a rooting medium. Five uniform seeds were planted per hole and irrigated with half-strength Hoagland solution every 2 days until the roots of the seedlings were immersed in the solution. Finally, only one or two strong seedlings were selected to leave in each hole, and they were grown directly in nutrient solution.



During the experiment the room conditions were maintained at 25 ± 2 °C in daylight and 18 ± 2 °C at night, with a relative humidity between 65% and 70%. Each planter was equipped with an electric aeration pump and was aerated for 2 h every day. Because of evapotranspiration from the vessels, lost water was supplemented with fresh nutrient solution without the addition of extra antibiotics. Pakchoi was harvested after 55 days of cultivation. Then, the sponges attached to the vegetables were trimmed off. The plants were rinsed first with tap water and then with deionized water and dried on adsorbent paper. The growth parameters and abundance of endophytic bacteria were measured immediately. Antibiotic analyses and DNA extraction from endophytic bacteria were completed within two weeks of sampling.




2.3. Measurements of Growth Parameters


All plants were harvested at the end of the test, and then, plant heights, root lengths, and fresh biomasses of 10 plants from each treatment were measured and recorded. The growth inhibition rate was calculated using following formula:


% inhibition = (M0 − Mt)/M0 × 100








where M0 indicates the measurement of the control treatment and Mt indicates the measurement of the antibiotic treatment.




2.4. Antibiotic Analyses in Plants


Samples of the edible pakchoi portions (stem and leaf) were selected and freeze-dried for 24 h until moisture was no longer present [35]. Then, the freeze-dried samples were ground thoroughly, and the amount of antibiotics in the plant tissues were determined using ultrasonic extraction, solid-phase extraction, and liquid chromatography-mass spectrometry. The extraction method and clean-up procedure used was already described for the analysis of Chinese white cabbage, water spinach, and other crops [15]. Thereafter, the target compounds from treated samples were analyzed using an ultra-performance liquid chromatography-tandem mass spectrometer (Waters, Milford, MA, USA) equipped with an electrospray ionization source in multiple-reaction monitoring mode. Details of the quantitative analysis were described by Gros et al. [36].




2.5. Enumeration of Total Cultivable Endophytic Bacteria (TCEB) and AREB


To isolate endophytic bacteria, the edible portions of fresh pakchoi were immersed in 3% hydrogen peroxide for 30 min, followed by rinses with sterile deionized water (3 min × 3 times). Then, they were immersed in 70% ethanol for 1 min and rinsed as before [37]. Finally, surface-sterilized samples were dried using sterilized filter papers. To ensure the complete surface disinfection, 100 μL of the last wash water was spread on meat-peptone agar and cultivated at 30 °C for 3 days to check for colony growth [38]. Samples with no bacterial growth were considered successfully sterilized. For each experimental treatment, the disinfected vegetable was cut with a sterile scalpel into pieces and ground together with quartz sand in a sterile mortar. Then, 3 g of ground tissue was mixed with 10 mL of sterile water and the mixture was diluted to 10−3. Each 100 μL of diluted suspension was spread on meat-peptone agar and on corresponding antibiotic-containing agars (TC, CPL, and SMX at concentrations of 16, 64, and 76 mg·L−1, respectively) for cultivation at 28 °C for 3 days. Each sample was replicated three times. The colony-forming units (CFUs) of TCEB and AREB (endophytic bacteria resistant to TC, CPL, and SMX, respectively) were enumerated.




2.6. DNA Extraction, PCR Detection, and ARGs Quantification


The surface-sterilized edible pakchoi portions were cut into pieces and ground with liquid nitrogen before extraction under sterile conditions. Total DNA was extracted using PowerPlant DNA Isolation Kit (MoBio Laboratories, San Diego, CA, USA) following the manufacturer’s instructions [37]. The concentrations and qualities of the extracted DNA samples were determined using a NanoDrop ND-2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.



PCR detection assays were used to screen for the presence or absence of 23 types of ARGs in the antibiotic-treated samples, including 12 tetracyclines-resistant genes (tetA, tetC, tetG, tetK, tetL, tetM, tetO, tetQ, tetT, tetW, tetB/P, and tetX), 5 sulfonamides-resistant genes (sul1, sul2, sul3, dfrA1, and dfrA7), and 6 β-lactams-resistant genes (blaampC, blaVIM, blaCTX-M, blaTEM, blaSHV, and blaZ). PCR detection assays were performed as previously described [39]. Primers and annealing temperatures are described in Table S1.



The positive ARGs and eubacterial 16S rRNA gene were quantified by fluorescence quantitative PCR (qPCR) using a LightCycler real-time PCR system (Roche, Basel, Switzerland) with SYBR Green I. Details of the primers are listed in Table S2. Plasmids carrying target genes in the pMD19-T vector (TaKaRa, Ostu Shiga, Japan) were constructed to produce the standard curves [40], which consisted of at least five orders of magnitude (R2 > 0.99) (Table S3). The 20 μL reactions contained 10 μL of SYBR Premix Ex Taq (TaKaRa), 0.2 µM of each primer, 2 μL of template DNA, and 7.2 μL of ddH2O. The reaction program was set as follows: initial denaturation at 95 °C for 30 s, 40 cycles at 95 °C for 5 s, annealing temperature for 30 s and 72 °C for 30 s, then a melt curve stage with temperature ramping from 60 °C to 95 °C.




2.7. Statistical Analysis


Ten plant samples from each treatment were used to test the effect of antibiotics on plant growth. For other analyses, three repetitions, each of which was the mixture of different plant parts from six plants, were performed. The mean values and standard deviations (SDs) of all data were calculated using Microsoft Office Excel 2016 (Microsoft, Redmond, WA, USA). Statistical analyses were performed using the software SPSS 21.0 (IBM, Armonk, NY, USA). Duncan’s multiple comparisons were used to determine the significant differences (p < 0.05) between treatments.





3. Results


3.1. Effects of Antibiotic Exposure on Pakchoi Growth


The effects of antibiotics on pakchoi growth were assessed by analyzing the growth parameters. The detected values of plant height, root length, and fresh biomass are shown in Table S4. Figure 1 shows the changes of pakchoi growth at different antibiotic types and doses. Compared with the control, the growth indices increased when exposed to 50% MIC levels of antibiotics (p < 0.0001 for the plant heights and p < 0.001 for the fresh biomass values). When the exposure dose was increased to MIC levels, this growth-promoting effect was maintained in CPL-treated plants. However, the TC- and SMX-treated plants were significantly inhibited (p < 0.01), as indicated by the growth parameters being less than those of the controls. According to the detection of growth inhibition rates (data shown in Table S4), fresh plant biomass was the most affected parameter (fresh biomass > root length > plant height) under antibiotic exposure. SMX showed the greatest impact on pakchoi growth in the three antibiotic types and CPL had the least inhibition on the plants.




3.2. Antibiotic Uptake by Pakchoi


The edible portions of pakchoi samples, both controls and antibiotic-exposed plants, were separated and the concentrations of TC, CPL, and SMX within plants were determined to evaluate the uptake of antibiotics by plants, as shown in Figure 2. The results indicated a concentration range from 6.9 to 11.8 µg·kg−1 for TC (Figure 2A), 26.4 to 48.1 µg·kg−1 for CPL (Figure 2B), and 18.1 to 35.3 µg·kg−1 for SMX (Figure 2C) in plants, respectively. However, no antibiotic accumulation was detected in the controls. Obviously, the antibiotic concentrations in the vegetables increased as the antibiotic dose increased in the culture solution. The mean CPL concentration in the CPL-treated samples was higher than those of the other antibiotic residuals in their corresponding treated samples when the exposure concentrations were at MIC levels.




3.3. Effects of Antibiotic Exposure on AREB in Pakchoi


The CFUs of TCEB and AREB in plant tissues under different antibiotic treatment conditions were determined, and the rates of AREB to TCEB were calculated, as shown in Figure 3. Compared with the controls, the cultivable AREB levels in TC-, CPL-, and SMX-treated samples reached 0.61–0.85 × 103, 4.63–5.36 × 103, and 4.89–5.18 × 103 CFU·g−1, respectively, which were higher than those in the control samples (0.23 × 103, 3.77 × 103, and 1.26 × 103 CFU·g−1). These changes in AREB abundance resulted in dramatic increases in the ratios of AREB to TCEB from 0.23%, 3.77%, and 1.26% of TC, CPL, and SMX resistance, respectively, in the controls, to 0.79–1.23% (Figure 3A), 6.41–8.29% (Figure 3B), and 6.00–7.43% (Figure 3C), respectively, in the corresponding antibiotic-treated plants.




3.4. Abundance of ARGs in the Pakchoi Endophytic System


In total, 23 ARGs corresponding to three antibiotics were detected in antibiotic-treated vegetables using the PCR technique. Among them, only one tet gene (tetX), one β-lactamase gene (blaCTX-M), and two sul genes (sul1 and sul2) responsible for TC, CPL, and SMX resistance, respectively, were present in the corresponding antibiotic-treated samples. Thus, further quantification using qPCR was conducted to monitor their responses to different treatment doses. To minimize the differences in background bacterial abundances and DNA extraction efficiency, 16S rRNA gene was also quantified and the absolute numbers of the above four quantified ARGs were normalized to that of the ambient 16S rDNA (Figure 4). In the control plants without antibiotic treatment, the values of the tetX gene were under the detection limit but the other three ARGs were detected at ~10−6 copies/16S rRNA gene copies. For the tetX gene, the relative abundance continuously increased as the TC dose increased. Sul and bla genes, on the whole, showed similar changes during the planting period. The four ARGs all reached their highest relative abundances of 10−5 to 10−4 copies/16S rRNA gene copies at the MIC exposure levels, which were one to two orders of magnitude greater than those in the control samples. Thus, the variation trends of the tetX, sul1, sul2, and blaCTX-M genes during different antibiotic treatments demonstrated great approximations.





4. Discussion


Plants are an important component of terrestrial ecosystems and are a potential pathway for antibiotic transport because of their absorption capacity [33]. Our previous studies indicated that cephalosporin, tetracyclines, and sulfonamides were the most frequently used antimicrobial agents in livestock farms in China, and high ratios of AREB occurred in the livestock manure fertilized field vegetables [28]. The transformation of these antibiotics and their induction of antibiotic resistance in soil or water environments have been frequently reported [6,41,42]. Further study through pot planting experiments confirmed different compositions of AREB presence in vegetable endophytic systems [43]. Therefore, TC, CPL, and SMX were selected to explore their accumulation and induction in pakchoi endophytic systems in this study. To simplify the conditions, a series of hydroponic cultures of pakchoi were used. Based on the Clinical and Laboratory Standards Institute (CLSI) standards [32] and the bacterial community composition in the pakchoi endophytic system [43], the highest MIC values of TC, CPL, and SMX for different genera of endophytic bacteria were selected and set as the levels of antibiotic exposure in the present study. From our results, we can see that although the exposure doses of different drugs were greater than their practical occurrence in agroecosystems, the pakchoi still showed natural growth throughout the planting process. Moreover, according to our previous investigation [28], sometimes animal manure containing high concentrations of antibiotic residue also will be used for field plants. Therefore, this study provided direct evidence for the effects of antibiotics on plant growth and the development of antibiotic resistance, especially under different treatment doses. The changes in growth parameters indicated the phytotoxic levels of each antibiotic at different doses. Generally, at 50% MIC levels, antibiotics stimulated growth, increasing plant fresh biomass production. However, at MIC levels, the antibiotics acted as inhibitors, reducing yields and inducing metabolic disturbances. Previous research had indicated that low antibiotic concentrations are beneficial for plant growth, whereas high antibiotic concentrations can induce toxicity [44]. In a comparison of the three antibiotics, CPL has the lowest toxicity to pakchoi. This may be due to β-lactam’s specific actions on bacterial cell wall components, which are targets that do not exist in plant cells [45]. Therefore, the growth inhibition rate was lowest under CPL exposure when compared with controls.



The detection of the three antibiotics in pakchoi tissues indicates the uptake and transfer of antibiotics from the water environment to the vegetable, which is similar to previous results [14,18]. The bioaccumulation of antibiotics in plants can vary depending on plant species and antibiotic class [15,20]. Usually, ionization, as well as the properties of sorption and water solubility, can directly affect how plants uptake pharmaceuticals [21]. CPL was noted to have accumulated to the highest concentration among the study compounds at the MIC exposure level, which may reflect the greater absorbency of CPL compared with the other compounds. Furthermore, the concentrations of antibiotics in pakchoi did not increase unlimitedly as antibiotic dose increased. The probable reasons include: (1) the saturation level of antibiotic accumulation was reached; (2) the incorporated antibiotics were stored in the plant cells, in which they can be degraded; and (3) the degradation of antibiotics was accelerated by the release of plant enzymes during sample grinding [20]. Nevertheless, vegetables that have accumulated antibiotics from contaminated environments will be consumed by humans, and then might be absorbed by the human body, resulting in increased antibiotic resistance, including the emergence of multidrug-resistant bacteria, which leads to antibiotic treatment failures [13,46].



Few studies have explored the influence of antibiotic pollution on endophytic systems in vegetables. Yet vegetables contaminated by antibiotics may contribute to the development of AREB. The present study showed that the rates of AREB occurrence and the relative abundances of ARGs increased in pakchoi endophytic systems after exposure to the three antibiotics. The trends of these changes were comparable with the results from our previous study, in which a distinct increase in some AREBs was shown in manure- or organic fertilizer-amended pakchoi samples [43]. Two possible factors may contribute to such increases. Firstly, during the pakchoi cultivation, there would be a natural rhizosphere microbial consortium forming in the nutrient solution. However, spiked antibiotics as a selective pressure could influence the microbial community compositions and induce the occurrence of high ratios of resistance. This has been proved in many other environments even at much lower concentrations than their MIC values [47,48,49,50]. Thus, a special microbial consortium would be established corresponding to different treatments of antimicrobial agents. As we know, environmental bacteria, especially rhizosphere bacteria, are an important source for plant endophytic bacteria [51], which could enter through the tissues to the plant endophytic systems, thus resulting in high occurrence of AREB in the plant. Secondly, the AREB can be persistent in the plant endophytic systems. In the present study, the accumulated antibiotics in plants, although below their corresponding minimum MIC values for various species of bacteria, might also provide a selection pressure to the endophytic bacteria, thereby providing the AREB survival advantages in the polluted environments. The qPCR also demonstrated that the abundance of ARGs in the endophytic bacteria corresponding to the three antibiotics continuously increased as the antibiotic uptake in the pakchoi increased.



Among the four detected ARGs, the presence of tetX, a special enzymatic modification gene for the degradation of TCs, may be related to the low detected TC concentration in pakchoi. In addition, the absence of the tetX gene in control samples and the persistence of it in the treated samples may indicate the potential transfer of bacteria carrying the tetX gene from the environment to plant. Notably, the third-generation drug tigecycline has been used in clinical treatments due to its broad spectrum of antibacterial activity (especially inhibiting multiple antibiotic-resistant bacteria and super bacteria) [52,53,54]. However, the bacterial strains containing the tetX gene isolated from patients are still resistant to tigecycline [55]. Therefore, the prevalence of the tetX gene in edible pakchoi should be highly concerning. The other ARGs, sul1, sul2, and blaCTX-M, are widely present in various environmental media [56,57,58], and act as the most prevalent mechanisms of sulfonamide and β-lactam resistance, respectively. In particular, the sul1 gene is normally found linked to other resistance genes in the Tn21 type integron, while sul2 is usually located on small plasmids of the IncQ family [59]. qPCR showed that the abundance levels of these ARGs increased in antibiotic contaminated environments, indicating their enrichment and transmission under antibiotic selection pressure.



Previous studies have demonstrated the antibiotic uptake [22] and the presence of resistant human pathogens or opportunistic pathogens in vegetables planted in manure-amended soil [43]. Thus, accumulated antibiotics in vegetables and the prevalence of antibiotic resistance in endophytic systems might be disseminated to humans when these vegetables are consumed. Consequently, evaluating the biological responses of terrestrial crops to antibiotics, especially frequently consumed vegetables, is important. However, compared with the soil environment, this hydroponic cultivation system is just a simple model to evaluate the influences of antibiotics on plant growth and plant endophytic bacteria. Further research is required to study the community compositions of AREB corresponding to different types of antibiotic exposure under soil cultivation systems. The results will provide basic information for an integrative risk assessment of antibiotic application and food security.




5. Conclusions


The present study investigated the growth of pakchoi and the antibiotic resistance in its endophytic system under TC, CPL, and SMX exposure. Pakchoi was shown to absorb antibiotics from the hydroponic culture environment. The absorption was selective toward different antibiotics, and the absorption amount was related to the antibiotic concentration. The accumulated antibiotics in the plant influenced the growth of the plant and increased the levels of AREB and ARGs, even at sub-inhibitory doses, which should be noted due to considerations surrounding the possible transfer of ARGs through the food chain.








Supplementary Materials


The following are available online at www.mdpi.com/1660-4601/14/11/1336/s1, Table S1: PCR primers, annealing temperatures, and resistance mechanisms, Table S2: qPCR primers and annealing temperatures used in the present study, Table S3: qPCR standard curves for 16S rRNA gene and antibiotic resistance genes, Table S4: Root length, plant height, and fresh biomass values of hydroponic pakchoi under different dosages of antibiotic treatment.





Acknowledgments


The authors would like to acknowledge the financial support from the National Natural Science Foundation of China (NSFC 21477035 and U1504219), the Key Science and Technology Project of Henan Province (142102210447), and the Specialized Research Fund for the Doctoral Program of Higher Education (20134104110006).




Author Contributions


Hao Zhang conducted the experiments, performed the data analysis, and drafted and edited the manuscript. Xunan Li performed the data analysis. Qingxiang Yang designed the study, provided the academic guidance for the work, and contributed to the critical revision for the paper. Linlin Sun, Xinxin Yang, Mingming Zhou, Rongzhen Deng, and Linqian Bi conducted the experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Awad, Y.M.; Kim, S.C.; El-Azeem, S.A.M.A.; Kim, K.H.; Kim, K.R.; Kim, K.; Jeon, C.; Lee, S.S.; Ok, Y.S. Veterinary antibiotics contamination in water, sediment, and soil near a swine manure composting facility. Environ. Earth Sci. 2014, 71, 1433–1440. [Google Scholar] [CrossRef]

	



Hou, J.; Wan, W.N.; Mao, D.Q.; Wang, C.; Mu, Q.H.; Qin, S.Y.; Luo, Y. Occurrence and distribution of sulfonamides, tetracyclines, quinolones, macrolides, and nitrofurans in livestock manure and amended soils of Northern China. Environ. Sci. Pollut. Res. 2015, 22, 4545–4554. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.G.; Zhou, Q.X.; Luo, Y. Occurrence and source analysis of typical veterinary antibiotics in manure, soil, vegetables and groundwater from organic vegetable bases, northern China. Environ. Pollut. 2010, 158, 2992–2998. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.F.; Ying, G.G.; Zhao, J.L.; Tao, R.; Su, H.C.; Chen, F. Simultaneous determination of four classes of antibiotics in sediments of the Pearl Rivers using RRLC–MS/MS. Sci. Total Environ. 2010, 408, 3424–3432. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.J.; Ying, G.G.; Liu, S.; Zhao, J.L.; Chen, F.; Zhang, R.Q.; Peng, F.Q.; Zhang, Q.Q. Simultaneous determination of human and veterinary antibiotics in various environmental matrices by rapid resolution liquid chromatography–electrospray ionization tandem mass spectrometry. J. Chromatogr. A 2012, 1244, 123–138. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.J.; Ying, G.G.; Liu, S.; Zhao, J.L.; Yang, B.; Chen, Z.F.; Lai, H.J. Occurrence and fate of eleven classes of antibiotics in two typical wastewater treatment plants in South China. Sci. Total Environ. 2013, 452–453, 365–376. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.W.; Wu, X.L.; Mo, C.H.; Tai, Y.P.; Huang, X.P.; Xiang, L. Investigation of sulfonamide, tetracycline, and quinolone antibiotics in vegetable farmland soil in the Pearl River Delta area, southern China. J. Agric. Food Chem. 2011, 59, 7268–7276. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Chen, J.Y.; Wang, J.H.; Ma, Z.H.; Han, P.; Luan, Y.X.; Lu, A.X. Occurrence of antibiotics in soils and manures from greenhouse vegetable production bases of Beijing, China and an associated risk assessment. Sci. Total Environ. 2015, 521–522, 101–107. [Google Scholar] [CrossRef] [PubMed]

	



Wei, R.C.; Ge, F.; Zhang, L.L.; Hou, X.; Cao, Y.N.; Gong, L.; Chen, M.; Wang, R.; Bao, E.D. Occurrence of 13 veterinary drugs in animal manure-amended soils in Eastern China. Chemosphere 2016, 144, 2377–2383. [Google Scholar] [CrossRef] [PubMed]

	



Badea, M.N.; Diacu, E.; Radu, V.M. Influence of antibiotics on copper uptake by plants. Rev. Chim. 2013, 64, 684–687. [Google Scholar]

	



Chitescu, C.L.; Nicolau, A.I.; Stolker, A.A. Uptake of oxytetracycline, sulfamethoxazole and ketoconazole from fertilised soils by plants. Food Addit. Contam. Part A 2013, 30, 1138–1146. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.B.; Zhou, Y.; Huang, Y.J.; Wu, L.H.; Liu, X.H.; Luo, Y.M. Residues and risks of veterinary antibiotics in protected vegetable soils following application of different manures. Chemosphere 2016, 152, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Franklin, A.M.; Williams, C.F.; Andrews, D.M.; Woodward, E.E.; Watson, J.E. Uptake of three antibiotics and an antiepileptic drug by wheat crops spray irrigated with wastewater treatment plant effluent. J. Environ. Qual. 2015, 45, 546. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, S.; Naeem, M.; Chaudhry, M.N.; Iqbal, M.A. Accumulation of residual antibiotics in the vegetables irrigated by pharmaceutical wastewater. Expo. Health 2016, 8, 107–115. [Google Scholar] [CrossRef]

	



Pan, M.; Wong, C.K.C.; Chu, L.M. Distribution of antibiotics in wastewater-irrigated soils and their accumulation in vegetable crops in the Pearl River Delta, Southern China. J. Agric. Food Chem. 2014, 62, 11062–11069. [Google Scholar] [CrossRef] [PubMed]

	



Azanu, D.; Mortey, C.; Darko, G.; Weisser, J.J.; Styrishave, B.; Abaidoo, R.C. Uptake of antibiotics from irrigation water by plants. Chemosphere 2016, 157, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Dolliver, H.; Kumar, K.; Gupta, S. Sulfamethazine uptake by plants from manure-amended soil. J. Environ. Qual. 2007, 36, 1224–1230. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.H.; Shi, Y.L.; Gao, L.H.; Liu, J.M.; Cai, Y.Q. Occurrence of antibiotics in water, sediments, aquatic plants, and animals from Baiyangdian Lake in North China. Chemosphere 2012, 89, 1307–1315. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.B.M.; Rajapaksha, A.U.; Lim, J.E.; Vu, N.T.; Kim, I.S.; Kang, H.M.; Lee, S.S.; Ok, Y.S. Distribution and accumulative pattern of tetracyclines and sulfonamides in edible vegetables of cucumber, tomato, and lettuce. J. Agric. Food Chem. 2015, 63, 398–405. [Google Scholar] [CrossRef] [PubMed]

	



Chowdhury, F.; Langenkämper, G.; Grote, M. Studies on uptake and distribution of antibiotics in red cabbage. J. Verbr. Lebensm. 2016, 11, 61–69. [Google Scholar] [CrossRef]

	



Herklotz, P.A.; Gurung, P.; Vanden, H.B.; Kinney, C.A. Uptake of human pharmaceuticals by plants grown under hydroponic conditions. Chemosphere 2010, 78, 1416–1421. [Google Scholar] [CrossRef] [PubMed]

	



Kang, D.H.; Gupta, S.; Rosen, C.; Fritz, V.; Singh, A.; Chander, Y.; Murray, H.; Rohwer, C. Antibiotic uptake by vegetable crops from manure-applied soils. J. Agric. Food Chem. 2013, 61, 9992–10001. [Google Scholar] [CrossRef] [PubMed]

	



Gullberg, E.; Cao, S.; Berg, O.G.; Ilbäck, C.; Sandegren, L.; Hughes, D.; Andersson, D.I. Selection of resistant bacteria at very low antibiotic concentrations. PLoS Pathog. 2011, 7, 1002158. [Google Scholar] [CrossRef] [PubMed]

	



Schuijt, T.J.; Poll, T.; Vos, W.M.; Wiersinga, W.J. The intestinal microbiota and host immune interactions in the critically ill. Trends Microbiol. 2013, 21, 221–229. [Google Scholar] [CrossRef] [PubMed]

	



Danhorn, T.; Fuqua, C. Biofilm formation by plant-associated bacteria. Annu. Rev. Microbiol. 2007, 61, 401–422. [Google Scholar] [CrossRef] [PubMed]

	



Arunachalam, C.; Gayathri, P. Studies on bioprospecting of endophytic bacteria from the medicinal plant of Andrographis paniculata for their antimicrobial activity and antibiotic susceptibility pattern. Int. J. Curr. Pharm. Res. 2010, 2, 63–68. [Google Scholar]

	



Pal, A.; Paul, A.K. Bacterial endophytes of the medicinal herb Hygrophila spinosa T. Anders and their antimicrobial activity. Br. J. Pharm. Res. 2013, 3, 795–806. [Google Scholar] [CrossRef]

	



Yang, Q.X.; Ren, S.W.; Niu, T.Q.; Guo, Y.H.; Qi, S.Y.; Han, X.K.; Liu, D.; Pan, F. Distribution of antibiotic-resistant bacteria in chicken manure and manure-fertilized vegetables. Environ. Sci. Pollut. Res. 2014, 21, 1231–1241. [Google Scholar] [CrossRef] [PubMed]

	



Chopra, I.; Roberts, M. Tetracycline antibiotics: Mode of action, applications, molecular biology, and epidemiology of bacterial resistance. Microbiol. Mol. Biol. Rev. 2001, 65, 232–260. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, R.; Amador, P.; Prudencio, C. β-Lactams: Chemical structure, mode of action and mechanisms of resistance. Rev. Med. Microbiol. 2013, 24, 7–17. [Google Scholar] [CrossRef]

	



Skold, O. Resistance to trimethoprim and sulfonamides. Vet. Res. 2001, 32, 261–273. [Google Scholar] [CrossRef] [PubMed]

	



Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Fourth Informational Supplement, M100-S24; CLSI Press: Wayne, PA, USA, 2014; pp. 44–128. [Google Scholar]

	



Pan, M.; Chu, L.M. Phytotoxicity of veterinary antibiotics to seed germination and root elongation of crops. Ecotoxicol. Environ. Saf. 2016, 126, 228–237. [Google Scholar] [CrossRef] [PubMed]

	



Yin, A.G.; Yang, Z.Y.; Ebbs, S.; Yuan, J.G.; Wang, J.B.; Yang, J.Z. Effects of phosphorus on chemical forms of Cd in plants of four spinach (Spinacia oleracea L.) cultivars differing in Cd accumulation. Environ. Sci. Pollut. Res. 2016, 23, 5753–5762. [Google Scholar] [CrossRef] [PubMed]

	



Jones-Lepp, T.L.; Sanchez, C.A.; Moy, T.; Kazemi, R. Method development and application to determine potential plant uptake of antibiotics and other drugs in irrigated crop production systems. J. Agric. Food Chem. 2010, 58, 11568–11573. [Google Scholar] [CrossRef] [PubMed]

	



Gros, M.; Rodríguez-Mozaz, S.; Barceló, D. Rapid analysis of multiclass antibiotic residues and some of their metabolites in hospital, urban wastewater and river water by ultra-high-performance liquid chromatography coupled to quadrupole-linear ion trap tandem mass spectrometry. J. Chromatogr. A 2013, 1292, 173–188. [Google Scholar] [CrossRef] [PubMed]

	



Miller, K.I.; Qing, C.; Sze, D.M.Y.; Neilan, B.A. Investigation of the biosynthetic potential of endophytes in traditional Chinese anticancer herbs. PLoS ONE 2012, 7, e35953. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.H.; Qiao, M.; Chen, Z.; Su, J.Q.; Zhu, Y.G. Antibiotic resistance genes in manure-amened soil and vegetables at harvest. J. Hazard. Mater. 2015, 299, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.X.; Tian, T.T.; Niu, T.Q.; Wang, P.L. Molecular characterization of antibiotic resistance in cultivable multidrug-resistant bacteria from livestock manure. Environ. Pollut. 2017, 229, 188–198. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.M.; Ding, R.; Zhang, Y.; Gao, Y.X.; Tian, Z.; Zhang, T.; Yang, M. Abundance and distribution of Macrolide-Lincosamide-Streptogramin resistance genes in an anaerobic-aerobic system treating spiramycin production wastewater. Water Res. 2014, 63, 33–41. [Google Scholar] [CrossRef] [PubMed]

	



An, J.; Chen, H.W.; Wei, S.H.; Gu, J. Antibiotic contamination in animal manure, soil, and sewage sludge in Shenyang, northeast China. Environ. Earth. Sci. 2015, 74, 5077–5086. [Google Scholar] [CrossRef]

	



Park, S.B.; Kim, S.J.; Kim, S.C. Evaluating plant uptake of veterinary antibiotics with hydroponic method. Korean J. Soil Sci. Fertil. 2016, 49, 242–250. [Google Scholar] [CrossRef]

	



Yang, Q.X.; Zhang, H.; Guo, Y.H.; Tian, T.T. Influence of chicken manure fertilization on antibiotic-resistant bacteria in soil and the endophytic bacteria of pakchoi. Int. J. Environ. Res. Public Health 2016, 13, 662. [Google Scholar] [CrossRef] [PubMed]

	



Migliore, L.; Cozzolino, S.; Fiori, M. Phytotoxicity to and uptake of flumequine used in intensive aquaculture on the aquatic weed, Lythrum salicaria L. Chemosphere 2000, 40, 741–750. [Google Scholar] [CrossRef]

	



Pollock, K.; Barfield, D.G.; Shields, R. The toxicity of antibiotics to plant cell cultures. Plant Cell Rep. 1983, 2, 36–39. [Google Scholar] [PubMed]

	



World Health Organization (WHO). Presented at the 3rd Meeting of the WHO Advisory Group on Integrated Surveillance of Antimicrobial Resistance, Oslo, Norway, 14–17 June 2011; World Health Organization: Geneva, Switzerland, 2012. [Google Scholar]

	



Zhang, H.B.; Luo, Y.M.; Wu, L.H.; Huang, Y.J.; Christie, P. Residues and potential ecological risks of veterinary antibiotics in manures and composts associated with protected vegetable farming. Environ. Sci. Pollut. Res. 2015, 22, 5908–5918. [Google Scholar] [CrossRef] [PubMed]

	



Heuer, H.; Solehati, Q.; Zimmerling, U.; Kleineidam, K.; Schloter, M.; Müller, T.; Focks, A.; Thiele-Bruhn, S.; Smalla, K. Accumulation of sulfonamide resistance genes in arable soils due to repeated application of manure containing sulfadiazine. Appl. Environ. Microbiol. 2011, 77, 2527–2530. [Google Scholar] [CrossRef] [PubMed]

	



Liu, A.; Fong, A.; Becket, E.; Yuan, J.; Tamae, C.; Medrano, L.; Maiz, M.; Wahba, C.; Lee, C.; Lee, K.; et al. Selective advantage of resistant strains at trace levels of antibiotics: A simple and ultrasensitive color test for detection of antibiotics and genotoxic agents. Antimicrob. Agents Chemother. 2011, 55, 1204–1210. [Google Scholar] [CrossRef] [PubMed]

	



Sandegren, L. Selection of antibiotic resistance at very low antibiotic concentrations. Ups. J. Med. Sci. 2014, 119, 103–107. [Google Scholar] [CrossRef] [PubMed]

	



Compant, S.; Clément, C.; Sessitsch, A. Plant growth-promoting bacteria in the rhizo- and endosphere of plants: Their role, colonization, mechanisms involved and prospects for utilization. Soil Biol. Biochem. 2010, 42, 669–678. [Google Scholar] [CrossRef][Green Version]

	



Aminov, R.I. Evolution in action: Dissemination of tet(X) into pathogenic microbiota. Front. Microbiol. 2013, 4, 192. [Google Scholar] [CrossRef] [PubMed]

	



Bradford, P.A. Tigecycline: A first in class glycylcycline. Clin. Microbiol. Newslett. 2004, 26, 163–168. [Google Scholar] [CrossRef]

	



Kumarasamy, K.K.; Toleman, M.A.; Walsh, T.R.; Bagaria, J.; Butt, F.; Balakrishnan, R.; Chaudhary, U.; Doumith, M.; Giske, C.G.; Irfan, S.; et al. Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: A molecular, biological, and epidemiological study. Lancet Infect. Dis. 2010, 10, 597–602. [Google Scholar] [CrossRef]

	



Moore, I.F.; Hughes, D.W.; Wright, G.D. Tigecycline is modified by the flavin-dependent monooxygenase TetX. Biochemistry 2005, 44, 11829–11835. [Google Scholar] [CrossRef] [PubMed]

	



Koczura, R.; Mokracka, J.; Taraszewska, A.; Łopacinska, N. Abundance of Class 1 integron-integrase and sulfonamide resistance genes in river water and sediment is affected by anthropogenic pressure and environmental factors. Microb. Ecol. 2016, 72, 909–916. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Shin, S.G.; Jang, H.M.; Kim, Y.B.; Lee, J.; Kim, Y.M. Characterization of antibiotic resistance genes in representative organic solid wastes: Food waste-recycling wastewater, manure, and sewage sludge. Sci. Total Environ. 2017, 579, 1692–1698. [Google Scholar] [CrossRef] [PubMed]

	



Makowska, N.; Koczura, R.; Mokracka, J. Class 1 integrase, sulfonamide and tetracycline resistance genes in wastewater treatment plant and surface water. Chemosphere 2016, 144, 1665–1673. [Google Scholar] [CrossRef] [PubMed]

	



Sköld, O. Sulfonamide resistance: Mechanisms and trends. Drug Resist. Updat. 2000, 3, 155–160. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 14 01336 g001 550] 





Figure 1. Effects of different dosages and types of antibiotic exposure on the growth of pakchoi under hydroponic condition. (A) Plant height; (B) Root length; (C) Fresh biomass. Values are mean ± SD (n = 10). Different letters on the top of the error bars indicate statistically difference among the treatments (p < 0.05). TC, tetracycline; CPL, cephalexin; SMX, sulfamethoxazole; MIC, minimum inhibitory concentration; SD, standard deviation. 
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Figure 2. Accumulation of antibiotics in hydroponic pakchoi under different dosages of antibiotic exposure. (A) TC exposure treatment; (B) CPL exposure treatment; (C) SMX exposure treatment. Values are mean ± SD (n = 3). Different letters on the top of the error bars indicate statistical difference among the treatments (p < 0.05). 
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Figure 3. Rates of AREB to TCEB in pakchoi under different dosages of antibiotic exposure. (A) TC exposure treatment; (B) CPL exposure treatment; (C) SMX exposure treatment. Values are mean ± SD (n = 3). Different letters on the top of the error bars indicate statistical difference among the treatments (p < 0.05). 
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Figure 4. Abundance of antibiotic resistance genes (ARGs) in the endophytic system of pakchoi under different dosages of antibiotic exposure. (A) tetX gene in TC-treated plants; (B) blaCTX-M gene in CPL-treated plants; (C) sul1 and sul2 genes in SMX-treated plants. Values are mean ± SD (n = 3). Different letters on the top of the error bars indicate statistical difference among the treatments (p < 0.05). 






Figure 4. Abundance of antibiotic resistance genes (ARGs) in the endophytic system of pakchoi under different dosages of antibiotic exposure. (A) tetX gene in TC-treated plants; (B) blaCTX-M gene in CPL-treated plants; (C) sul1 and sul2 genes in SMX-treated plants. Values are mean ± SD (n = 3). Different letters on the top of the error bars indicate statistical difference among the treatments (p < 0.05).



[image: Ijerph 14 01336 g004]








© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijerph-14-01336


  
    		
      ijerph-14-01336
    


  




  





media/file6.jpg
terX copies/165 rRNA gene copies

154 154

A A

a f‘(
65 g s
E I
ne £ e -
g IO amcwic

TC exposure concentration (mg L) cn. exposure concentration (mg L")

15,

Cc  Ewmmw

o awicwic
SMX exposure concentration (mg L")

sul gene copies/16 rRNA gene copies






media/file1.png
BTC BCPL BSMX

@7C aCPL BSMX

— w b s = w —
e~ [} [ | — —

BCPL BSMX

BTC






media/file7.png
terX copies/16S rRNA gene copies

sul gene copies/16S rRNA gene copies

1E-4

1E-5

1E-6

1E-3

1E-4

1E-5

1E-6

0 ‘ 50% MIC MIC
TC exposure concentration (mg L")

C sul | sul2

0 50% MIC MIC
SMX exposure concentration (mg L")

bla_. . ., copies/16S rRNA gene copies

z

i

1E-5

0 50% MIC MIC
CPL exposure concentration (mg L")





media/file5.png
TC-resistantendophytic bacteria

0 S0%MIC MIC

TC exposure concentration (mg L)

CPL-resistant endophytic bacteria
(%)

0 50%MIC MIC

CPL exposure concentration (mg L)

phytic bacteria

(%)

.

SMX -resistantendo

N

—

0 S0%MIC ~ MIC
SMX exposure concentration (mg L)





media/file3.png
plant

TC concentration found in

(ng kgt)

o)
—

[a—,
n

[a—,
<>

0

50%MIC

MIC

TC exposure concentration (mg L)

CPL concentration found in plant
(ng kg')

60 r

40

20

0 50%MIC  MIC
CPL exposure concentration (mg L)

plant
&

e
—

(ng kg
=

[\
—

[a—y
<>

SMX concentration found in

0 50%MIC ~ MIC
SMX exposure concentration (mg L)





media/file4.jpg
B :
* k)
H .
g
b Ij: E I l
=, 3
I ‘
o e e o e e

0 s wic
TC xpasreconcenration (g

SN pasreconcattio (ngL)

) CPLexposare conentration (mg L)





media/file0.jpg
ole aceL oSy
o

T

e

e

[ ——

e

e

|

[E T ——)

BIC B B8N

e

e

[P ———






media/file2.jpg
CPLconcen

0 e e
TC apasare concentraion (mg1')

b
) I [
0

0 sane e v e wic

[T E——— T ——y






