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Abstract

:

Veterinary antibiotics, including erythromycin (Ery) and chlortetracycline (CTC), are often detected in agricultural land. Although these contaminants affect plant growth and development, their effects on crops remain elusive. In this study, the effects of Ery and CTC on plant growth were investigated and compared by analyzing transcript abundance in Brassica campestris seedlings. Treatment with Ery and/or CTC reduced chlorophyll content in leaves and photosynthetic efficiency. Examination of the chloroplast ultrastructure revealed the presence of abnormally shaped plastids in response to Ery and CTC treatments. The antibiotics produced similar phenotypes of lower accumulation of photosynthetic genes, including RBCL and LHCB1.1. Analysis of the transcript levels revealed that Ery and CTC differentially down-regulated genes involved in the tetrapyrrole biosynthetic pathway and primary root growth. In the presence of Ery and CTC, chloroplasts were undeveloped and photosynthesis efficiency was reduced. These results suggest that both Ery and CTC individually affect gene expression and influence plant physiological activity, independently of one another.
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1. Introduction


Plants are sessile organisms that are unable to escape unsuitable environments. Plant growth and development is retarded or inhibited by environmental stress, a process referred to as “the growth-defense trade-off” [1]. In the presence of stressful stimuli, the limited energy available is diverted from growth toward activating defense mechanisms. Plant growth and development phenotypes are stress specific, as particular stresses—for instance, exposure to low or high mineral concentrations or to other chronic or acute conditions—affect specific targets, such as below-ground or above-ground tissues [2]. Plant responses at the molecular level are complex and interconnected so as to diminish the effects of stress exposure and to enable adaptation to changing environments [2,3].



Antibiotics are therapeutic treatments that are widely used in animals as well as in humans. In particular, antibiotics are used in intensive animal husbandry to prevent the outbreak of disease [4]; however, up to 90% of ingested antibiotics are excreted in feces due to poor digestion or absorption [5]. Given that antibiotics are used approximately five times more often for veterinary purposes than in the treatment of humans [6], the direct application of animal waste produced by intensive farming to agricultural land affects the environment, as the chemical stability of antibiotics results in the accumulation of these contaminants in the soil [7,8,9]. Thus, human actions influence crop performance, including plant growth and development [8,10]. Many studies have demonstrated that various antibiotics found in soil can be absorbed through root systems and accumulate in plant tissues [9,11,12,13], and such contamination of food crops may threaten human health [14]. Nonetheless, a full understanding of how plant growth and development are affected by antibiotics in the soil—as well as the accumulation rates of antibiotics in the edible parts of food crops—remains elusive.



As antibiotics are an abiotic source of environmental stress, exposure to them may disrupt the cellular and molecular processes of plants and other living organisms, resulting in changes to morphogenic and physiological traits [12,15,16]. These effects differ between plant species and organs depending on the type and concentration of antibiotics [16]; for example, although a given concentration of sulfadiazine inhibits root and shoot elongation in wheat (Triticum aestivum L.), napa cabbage (Brassica campestris), and tomato (Cyphomandra betacea) to differing extents, the root growth of wheat demonstrated the highest sensitivity to this treatment [17].



Chlorophyll (Chl) is the most abundant photopigment found in most plant species and is crucial for light-harvesting and energy transduction in photosynthesis [18]. Although Chl is synthesized in the plastid by the tetrapyrrole biosynthetic pathway, all of the enzymes involved in this synthetic pathway are encoded by nuclear genes whose transcription is regulated by environmental cues, such as light [19,20].



Chloroplasts are discrete organelles within a plant cell [21] that are not only important for photosynthesis and the production or accumulation of various metabolites including Chl [22], but also serve as sensors of the external environment and internal signals [23]. The proper expression of chloroplast genes under stress conditions is crucial for chloroplast development and photosynthesis [21,24,25]. The arrangement of thylakoid membranes in the chloroplast results from adaptations to developmental transitions and environmental stress conditions [26].



Erythromycin (Ery) and chlortetracycline (CTC) have broad spectrum antibiotic activities [16,27] and are thus commonly used in veterinary medicine. Accumulated evidence indicates that veterinary drugs affect plant growth and development. We previously demonstrated that the treatment of B. campestris with Ery and CTC during the seedling growth period results in reduced Chl content [28,29]. Not surprisingly, these antibiotics were accumulated in the shoots of B. campestris seedlings [28,29]. Additionally, CTC accumulation in the leaves was greater during longer cultivation periods and in plants exposed to higher concentrations of antibiotics [29]. Physiologically, CTC blocks RBOH-mediated oxidative signaling in B. campestris and inhibits primary root growth [29], while Ery influences the accumulation of photosynthetic proteins and inhibits plant development [28]. In this study, we compared the phytotoxicity of Ery and CTC, using B. campestris seedlings, and investigated the combinatory effects of these antibiotics on plant growth and development, including chloroplast development.




2. Results


2.1. Erythromycin (Ery) and Chlortetracycline (CTC) Individually Affect Physiological Phenotypes


The main effects of Ery and CTC on plant physiology are a decrease in the Chl level and a reduction in primary root growth [28,29]. We therefore investigated whether the extent of the effect of a mixture of these antibiotics on plant growth and development could be described by (1) the sum of the individual antibiotic effects; (2) a synergistic effect; or (3) an antagonistic relationship. We also determined whether there was an interaction between these two antibiotics.



We first performed seedling growth assays to compare the primary root length and Chl content of B. campestris seedlings grown on agar plates containing either Ery or CTC, both Ery and CTC, or no antibiotics (Figure 1). Seedlings treated with 5 mg/L Ery demonstrated a reduction in Chl content without root growth inhibition [28], whereas seedlings treated with 5 mg/L CTC demonstrated inhibited growth and development, including reductions in both Chl content and primary root length [29]. Antibiotic concentrations were established based on phenotypic observations following exposure to a single antibiotic in previous reports [28,29]. Treatment with both 5 mg/L Ery and 5 mg/L CTC resulted in root growth inhibition and lower accumulation of Chl. Although the reduction in root length following dual treatment did not differ significantly from treatment with 5 mg/L CTC alone (Figure 1b), the seedlings treated with both antibiotics had the lowest Chl levels of the four treatment groups and demonstrated a level of inhibition equivalent to the individual effects of Ery and CTC combined (Figure 1c).



Next, to further investigate whether an interaction between Ery and CTC exists at the chlorophyll level, we analyzed photosynthetic efficiency. Both Ery and CTC inhibited photosynthesis by reducing the maximum quantum yield (Fv/Fm) below that of the control (Figure 1d); this result was consistent with the changes seen in chlorophyll levels (Figure 1c). Combined treatment with Ery + CTC was equivalent to the sum of the inhibitory effects of the two individual treatments, indicating that, although treatment with either Ery or CTC produced similar plant growth and development phenotypes, the two antibiotics acted independently to inhibit primary root growth and reduce chlorophyll content.



To better understand how Ery and CTC inhibit photosynthesis, we examined seedling growth in the absence of light. The morphological phenotypes of dark-grown seedlings treated with antibiotics revealed that CTC inhibited primary root growth and that treatment with Ery + CTC had a similar effect on root length to treatment with CTC alone (Figure S1). These results indicated that the effect of CTC on root growth did not depend on light. Dark-grown seedlings treated with a higher concentration of Ery (10 mg/L) produced a similar morphological phenotype to that seen in the untreated control group (Figure S2d,e), despite this concentration inhibiting root growth in light-grown seedlings (Figure S2a,b) [28], which suggests that Ery interferes with reactions in a light-mediated pathway during seedling growth.



CTC inhibits primary root growth by blocking an NADPH oxidase/respiratory burst oxidase homolog (RBOH)-mediated oxidative signaling pathway [29]. As CTC and Ery + CTC treatments inhibited primary root elongation (Figure 1a,b), we performed qRT-PCR to analyze expression of the oxidative marker genes RBOHD/F and SODs, including FSD1, FSD2, FSD3, and CSD3 (Figure 2). Treatment of seedlings with CTC did not affect expression of RBOHD/F, but expression of these genes was down-regulated in Ery-treated seedlings. Similarly, treatment with CTC resulted in down-regulation of the SOD genes FSD1 and CSD3, but Ery treatment did not. The inhibition of root growth due to treatment with Ery + CTC thus resulted from the effect of CTC on an oxidative stress signaling pathway, with Ery acting on a different RBOH-mediated signaling pathway. Taken together, our results indicate that Ery and CTC acted on different pathways to inhibit the growth and development of B. campestris, as measured by their effects on Chl accumulation and primary root growth. We further suggest that the effect of Ery and CTC together is the sum of their individual effects—neither synergistic nor hostile to one another—on the growth of B. campestris seedlings.




2.2. Ery and CTC Have Different Effects on Expression of Genes in a Tetrapyrrole Biosynthetic Pathway


To understand how treatment with Ery or CTC reduced the Chl content, we analyzed the expression of genes in the tetrapyrrole biosynthetic pathway, an important part of the Chl metabolism. In higher plants, the Chl metabolism is catalyzed by a series of enzyme complexes and is regulated by three steps: Chl synthesis, the Chl cycle, and Chl degradation. These steps are commonly referred to as the tetrapyrrole biosynthetic pathway (Figure S3) [18]. Chl biosynthesis is one of the most important light-dependent cellular processes of plants and begins with the conversion of glutamic acid to protoporphyrin IX (Figure S3).



Treatment with Ery and CTC did not alter expression of the genes GSA (Bra035836 and Bra038646), HEMC (Bra007749), PPOX (HEMG1; Bra033317), or PPO (HEMG2; Bra008772) (Figure S4a), all of which are involved in sequential steps of protoporphyrin IX biosynthesis.



In the next step of the Chl biosynthesis pathway, protoporphyrin IX oxidation, protoporphyrin IX enters two different pathways that synthesize heme and Mg-protoporphyrin IX via the catalytic activities of ferrochelatase (FC, ferroxidases) and magnesium chelatase (CHLH/D/I), respectively. Treatment with either Ery or CTC had different effects on the expression of these genes; more specifically, the ferroxidases FC1 (Bra009876) and FC2 (Bra007748) were down-regulated following treatment with CTC, whereas treatment with Ery did not alter expression of either of these oxidases, or that of the magnesium chelatases, CHLH (Bra006208), CHLD (Bra018619), and CHLI (Bra012595 and Bra013314) (Figure 3a,b). To confirm the expression of oxidase genes during chlorophyll biosynthesis, we additionally tested IMMUTANS (IM, also known as PLASTID TERMINAL OXIDASE, PTOX; Bra013604), an alternative oxidase that functions in the chloroplast [30]. As with ferroxidase, expression of IM was reduced following treatment with CTC and growth in the dark, but not following exposure to Ery (Figure 3a). Thus, CTC treatment led to down-regulation of genes involved in heme biosynthesis, which is important for chloroplast development.



We also investigated subsequent steps in the chlorophyll biosynthetic pathway. Growth in darkness or treatment with Ery suppressed the expression of PORA (Bra003004) and PORC (Bra033415 and Bra030540), which are genes that encode NADPH- and light-dependent oxidase protochlorophyllide oxidoreductase (POR), which plays a rate-limiting role in Chl biosynthesis [18] (Figure 3c). The B. campestris CHLOROPHYLL SYNTHASE (CHLG) genes encoding Chl synthase are annotated as two different isoforms, CHLG1 (Bra040893) and CHLG2 (Bra028411); levels of both transcripts decreased following treatment with Ery (Figure 3c). Ery thus appeared to reduce the expression of chlorophyll biosynthetic genes encoding enzymes that require light for their activity, suggesting that down-regulation of the chlorophyll biosynthesis pathway and reduced chlorophyll content in Ery-treated seedlings resulted from the decreased activity of Chl synthase.



We next analyzed the transcript levels of CAO (Bra036948), NYC (Bra034882 and Bra032697), and NOL (Bra005827). These genes act in the Chl cycle that interconverts Chl a and Chl b [21]. Treatment with Ery and CTC did not affect the expression of genes involved in the Chl cycle (Figure S4b), which suggests that Ery and CTC did not affect the Chl a to Chl b ratio. This finding is consistent with previous reports that, in B. campestris, this ratio is unaltered by treatment with Ery or CTC, despite a decrease in total Chl content [28,29]. Treatment with both antibiotics decreased the transcript abundance of Chl degradation genes, as expression of the STAY-GREEN (SGR) genes SGR1 (Bra019346) and SGR2 (Bra000755), which act in the Chl degradation pathway, was inhibited by treatment with Ery and CTC (Figure 4d). These genes are important for Chl degradation [31,32]. Together, these results indicate that Ery and CTC affected the expression of genes involved in the tetrapyrrole biosynthetic pathway and suggest that these antibiotics acted in different ways to influence the molecular regulation of Chl accumulation.



We further analyzed the transcription of other genes affecting Chl accumulation in plants in addition to those acting in the tetrapyrrole biosynthetic pathway. SNOWY COTYLEDON 1 (SCO1) encodes a chloroplast-localized elongation factor G that plays a role in chloroplast development in cotyledons in Arabidopsis (Arabidopsis thaliana), but not in the Chl biosynthetic pathway [33]; the knock-out mutant of this gene has pale cotyledons. Additionally, an analysis to identify differentially expressed proteins (DEPs) in the chlorophyll-deficient mutant (cdm) of B. campestris and wild-type plants found that many ribosomal proteins, such as RPL, were up-regulated in cdm; this difference in protein abundance was consistent with a qRT-PCR analysis of gene expression [34]. As transcript abundance of these genes was related to a Chl-deficient phenotype [33,34], we used qRT-PCR to analyze expression of SCO1 (Bra027021) and RPL21 (Bra036731) in B. campestris. Both of these genes are encoded in the nuclear genome. Their expression was unchanged by treatments with Ery, CTC, Ery + CTC, or darkness (Figure S5), suggesting that these antibiotics did not act on a chlorophyll accumulation pathway mediated by SCO1 and/or RPL21.




2.3. Ery and CTC Affect Expression of the Photosynthetic Apparatus


To observe in more detail the effects of Ery and CTC that result from down-regulation of the tetrapyrrole biosynthetic pathway in B. campestris, we employed qRT-PCR to measure the expression levels of photosynthesis-related genes and compared the effects of Ery and CTC (Figure 4). Candidate genes were selected from two different proteomic studies: one, by Yoon et al. [28], was a group of differentially abundant proteins (DAPs) identified as functioning in photosynthesis, while the other was a list produced by Lee [35] of the most abundant proteins in Brassica rapa seedling leaves. As photosynthesis is a light-dependent biochemical reaction [36], we compared the effects of antibiotic treatment and darkness on the expression of photosynthetic genes. Bra028087 is a gene from the chloroplast genome that encodes ribulose bisphosphate carboxylase (RBCL); its expression was reduced by treatment with Ery and CTC (Figure 4a). Of the many isoforms of light-harvesting complex proteins and Chl a/b-binding proteins, we randomly selected Bra0029999 and Bra029732 encoding LHCB1. Expression of these two genes was not altered by treatment with Ery and CTC, although it was inhibited by darkness (Figure 4b).



We next examined expression of Bra031534, Bra000837, Bra034200, and Bra036240, which are genes involved in the light reaction of photosynthesis. Bra031534 is a nuclear gene encoding photosystem II subunit P-1 (PSBP-1); its expression was reduced by Ery treatment and by darkness (Figure 4c). The expression of Bra000837 and Bra034200 encoding PETC, which functions in transferring an electron from the cytochrome b6/f complex photosystem II, was also inhibited by Ery and darkness (Figure 4d). Interestingly, CTC treatment did not suppress expression of Bra000837 but did suppress Bra034200 expression (Figure 4d). The expression of Bra036240, which encodes photosystem I subunit D-1, was suppressed by Ery and by darkness, but not by CTC (Figure 4e); these results resembled those obtained for Bra000837. Treatments with Ery and CTC thus produced a similar effect to darkness on the expression of photosystem reaction components.



To further confirm the photosynthetic components, we performed immunoblot analyses of the crude protein extracts of Ery- and/or CTC-treated seedlings with anti-RBCL, anti-LHCB1, and anti-actin (Figure 4f). As expected, antibiotic treatment dramatically decreased RBCL abundance (Figure 4f) [28]. LHCB1 abundance was significantly reduced by treatment with Ery and/or CTC, as well as by darkness (Figure 4f). While we found that treatment with Ery and/or CTC did not alter the transcript levels of a B. campestris gene encoding LHCB—although dark treatment did (Figure 4b)—antibiotic treatments did decrease the protein abundance to a similar extent as darkness (Figure 4f). This finding indicates that Ery and CTC acted at the transcriptional and translational levels to down-regulate photosynthetic components and supports the hypothesis that these antibiotics inhibit photosynthesis efficiency.




2.4. Ery and CTC Inhibit Chloroplast Formation at the Ultrastructural Level


The chloroplast is a plant organelle essential for photosynthesis [21]. The proper regulation of genes that play a role in the chloroplast is crucial for chloroplast development and photosynthesis. We used transmission electron microscopy to examine the ultrastructure of chloroplasts in light-grown seedlings treated with Ery and CTC and compared this with the undeveloped plastids of dark-grown seedlings (Figure 5). Chloroplasts in control cotyledons demonstrated a well-matured ultrastructure. They contained few internal plastoglobules (PGs), stacked thylakoid membranes, and retained starch granules (Figure 5, control). By contrast, the cotyledons from dark-grown cotyledons contained undeveloped plastids with few thylakoid membranes and many PGs with a vacuole-like structure (Figure 5, dark). Plastids in the cotyledons of seedlings treated with Ery and CTC that were exposed to the same light conditions as the controls demonstrated an intermediate structure (Figure 5, Ery and CTC). These plastids contained more PGs and fewer stacked membranes than plastids in control seedlings, but a more organized structure than plastids from dark-grown seedlings. Thus, Ery and CTC inhibited plastid development and prevented chloroplasts from forming a normal ultrastructure.





3. Discussion


Veterinary antibiotics, such as Ery and CTC, were originally intended to prevent and treat animal diseases [4] but are frequently detected in agricultural land [37]. These substances have very stable chemical structures and thus accumulate as environmental pollutants in the soil, where their residual activity may affect ecosystems by disrupting plant growth and development [4,5,38]. Treatment of seedlings with CTC and Ery inhibits specific developmental events, such as germination [28,29]. These antibiotics were detected at higher levels in the shoots of B. campestris plants as a result of longer periods of cultivation or higher concentrations in the growth media [28,29], similar to previous studies, which investigated the translocation and accumulation of other antibiotics from soil to plant tissue [11,12]. Despite the fact that these antibiotics can pass along the food chain from crop plants to humans, thereby influencing human health [14,38], neither their precise physiological effect on crop plants nor the molecular basis of their phytotoxicity are fully understood.



Dual treatment with Ery and CTC indicated an additive effect on B. campestris seedling morphology, as these antibiotics reduced Chl accumulation and inhibited growth and development (Figure 1, Figures S1 and S2). Molecular analysis by qRT-PCR of the phytotoxic effects of Ery and CTC indicated that the antibiotics exerted their influence independently, as the changes in gene expression induced by both antibiotics revealed neither a synergistic nor an antagonistic relationship. Although both antibiotics altered the course of the growth and development of B. campestris seedlings by acting on an oxidative signaling pathway, they did so via different inhibitory modules. CTC inhibited primary root growth by interfering with the expression of SODs, which detoxify superoxides to hydrogen peroxide (H2O2) and down-regulate H2O2-mediated signaling at the root tip [29] (Figure 2b). Growth inhibition in seedlings treated with CTC resulted from changes in SOD gene expression. Interestingly, the Arabidopsis FeSOD T-DNA knockout mutants fsd2 and fsd3 demonstrated delayed growth, pale green leaves, and abnormal chloroplasts [39]. Similarly, the low expression of FSDs (Figure 2) following CTC treatment may reduce chlorophyll accumulation (Figure 1 and Figure 2). Ery also reduced chlorophyll levels to a similar extent as CTC did (Figure 1 and Figure S1). Seedlings treated with either or both antibiotics expressed lower levels of photosynthesis-related proteins (Figure 4f) and demonstrated lower photosynthetic efficiency (Figure 1d). In addition, Ery and CTC acted on the chlorophyll biosynthetic and heme formation pathways, respectively, at stages downstream from protoporphyrin IX (Figure 3 and Figure S3).



The inhibition of growth and development in response to Ery was somewhat light specific (Figure S2). Several PROTOCHLOROPHYLLIDE VINYL REDUCTASE (POR) and CHLOROPHYLL SYNTHASE (CHLG) proteins have been annotated in the B. campestris genome (http://brassicadb.org/brad/). PORA and PORC are nuclear-encoded enzymes that catalyze light-sensitive NADP(H)- or NAD(H)-dependent reactions and have no catalytic activity in the dark [40]. Thus, POR proteins play a rate-limiting role in Chl photosynthesis [18], as do CHLGs, which catalyze the final step in chlorophyll biosynthesis to produce Chl a [41]. Although POR expression and activity are regulated by light [18] and, in Arabidopsis, the CHLG transcript is only detected in green and greening tissues [41], treatment with Ery resulted in the down-regulation of POR and CHLG expression, but treatment with CTC did not (Figure 4c), suggesting that Ery inhibited expression of light-responsive genes involved in Chl biosynthesis. By contrast, treatment with CTC, but not Ery, reduced expression of FC1 and FC2—genes encoding single subunit ferrochelatase enzymes that are involved in synthesizing heme—and IM, which encodes an enzyme that plays an important role in chloroplast differentiation (Figure 4a) [30,42] and heme biosynthesis; these enzymes act in different branches of the tetrapyrrole metabolic pathway (Figure S3) [42]. Although heme and Chl are essential components of the photosynthetic electron transfer chain, they do not always follow the same accumulation profile [43]. Thus, Ery and CTC are likely to act on different regulatory modules; however, as treatment with either results in lower Chl accumulation (Figure 1), it remains unclear whether they have the same molecular targets [28,29].



Treatment with Ery and/or CTC did not alter the expression of CAO, NYL, or NOL, which are genes involved in the Chl cycle (Figure S4b); this result is consistent with the observation that treatment with Ery and/or CTC did not alter the Chl a to Chl b ratio from the control value (data not shown) [28,29]. The expression of SGR genes, which act in the chlorophyll degradation pathway, was down-regulated following treatment with Ery and/or CTC (Figure 4d). We speculate that this may decrease Chl breakdown and maintain Chl levels by activating an unknown mechanism. In addition, CTC is known to interact with cations, such as Mg2+ and Ca2+ [44], and thus may contribute to Chl breakdown via the dechelation of Mg2+ in the Chl molecule [31,45]. It is therefore possible that CTC itself is involved in Chl breakdown, thereby directly reducing Chl content [46].



An analysis of the leaf proteome of B. campestris seedlings indicated that the most abundant proteins were Rubisco and ribosomal proteins, which accounted for 11.56% and 8.47% of total proteins, respectively [35]. Treatment with Ery reduced the expression of the photosynthetic apparatus [28], and CTC treatment had similar effects on Rubisco content and photosynthetic gene expression (Figure 5), suggesting that Ery and/or CTC affects photosynthesis efficiency (Figure 1d). Light-harvesting Chl-binding (LHC) proteins are highly abundant in B. campestris leaves; treatment with Ery and/or CTC did not alter expression of Bra002999 and Bra029732, although these treatments dramatically reduced the Chl content of seedlings (Figure 1 and Figure 5). Chl b stabilizes the photosynthetic protein complex that contains LHC proteins, and Chl b levels determine LHC construction, which is important for photosynthesis [47]. The application of Ery and/or CTC altered LHCB levels and produced consistent effects on photosynthetic efficiency (Fv/Fm) (Figure 1 and Figure 4), although it remains unclear whether the antibiotics reduced LHCB levels by reducing Chl content or by regulating translation. Plastid factors, such as LHC and RBCL, control photosynthesis or chloroplast development [48]; we found that treatment with Ery and/or CTC decreased the accumulation of Rubisco, LHCB, and photosystems I and II (Figure 4) [28], suggesting that they inhibit chloroplast development, which requires not only chlorophyll accumulation, but also the proper regulation of chloroplast proteins, such as RBCL.



The development of the mature form of the chloroplast, the photosynthetic organelle, requires changes in the composition and structure of plastids [48]. PGs are thylakoid-associated droplets composed of lipids and proteins that are found in all types of plastids. Their size varies depending on abiotic stresses and developmental transitions [49]. Plastids in dark-grown seedlings contained many PGs (Figure 5, dark) to provide a readily available pool of enzymatic substrates, including for PORs, and to allow immediate Chl biosynthesis in response to a light stimulus [48,50,51,52], leading to greening and chloroplast development (Figure 5, Control) [48,52]. Chloroplasts develop a complex internal membrane system, the thylakoids, during their differentiation from plastids. This system responds and adapts to changing environmental conditions and developmental cues, although the process of thylakoid membrane biogenesis remains unknown [48,53]. The plastids in seedlings treated with Ery and/or CTC exhibited a similar shape to those seen in dark-grown seedlings and contained many vacuole-like structures, including PGs and less developed thylakoid membranes. The seedlings in the control, light-grown group formed fully developed chloroplasts with well-organized thylakoid membranes (Figure 5), suggesting that Ery and CTC blocked the ultrastructural development of chloroplast features, such as the thylakoid membrane.



In the chloroplast, SOD plays an important role in the detoxification of superoxide (O2−), which is produced during photorespiration. FSD genes originated in the plastid genome and moved to the nuclear genome by endosymbiosis during evolution [54]. Arabidopsis FSD1, FSD2, and FSD3 are targeted to stroma, thylakoid membranes, and nucleoid in chloroplasts, respectively, and a heterocomplex of FSD2 and FSD3 in the chloroplast protects chloroplast nucleoid from damage by superoxide anions and helps the chloroplast gene expression machinery [39]. Therefore, it is suggested that CTC inhibits aspects of chloroplast development, such as thylakoid membrane development, by reducing the expression of FSDs. It is well known that FSDs are critical for protection against oxidative stress during photorespiration as well as for chloroplast and thylakoid membrane development; however, their regulatory mechanism has not been reported [39,55].



We produced a working model summarizing all of our results (Figure 6). This figure indicates the phenotypes produced by treatment with Ery and CTC; these phenotypes are physiologically similar but arise from interference in different molecular regulatory modules acting in independent pathways (Figure 6). Treatment with both Ery and CTC reduced chlorophyll accumulation and the expression of genes involved in the photosynthetic apparatus, thus decreasing photosynthetic efficiency. Antibiotic treatment caused other aspects of chloroplast development to resemble that seen in chloroplast-defective mutants [56,57], including a decrease in well-organized thylakoid membranes and the production of many vacuole-like structures. Ery, however, acted by interfering with the expression of genes involved in a light-dependent step of the chlorophyll biosynthesis pathway, whereas CTC affected the ferroxidase pathway in heme biosynthesis.



We investigated and compared the molecular responses of B. campestris seedlings to the veterinary drugs Ery and CTC. Although these antibiotics produced similar physiological phenotypes—such as reduced chlorophyll contents, low photosynthesis efficiency, and chloroplast development—we found that Ery down-regulated the expression of chlorophyll biosynthetic genes, while CTC down-regulated those involved in heme production, including oxidases and SODs. These results suggest that Ery and CTC individually affect gene expression and influence plant physiological activity independently of one another during seedling growth.




4. Materials and Methods


4.1. Plant Growth for Chemical Treatments and the Measurement of Physiological Parameters


Seeds of Brassica campestris L. ssp. perkinensis Rupr were purchased from the Asia Seed Company (Seoul, Republic of Korea). For seedling growth assays, approximately 50 seeds were sterilized and placed on plates containing 1.2% agar supplemented with Ery (5 mg/L; TCI Development, Shanghai, China) and/or CTC (5 mg/L; Sigma-Aldrich, Rehovot, Israel). The seeds were incubated vertically for 4 to 5 days in a growth chamber maintained at 22 °C under continuous darkness or long-day photoperiods (16 h light/8 h dark; light intensity, 120 μEm−2S−1).



Seedlings were photographed to record growth. Primary root length was measured from photographs, using ImageJ software (http://imagej.nih.gov/ij/download.html), NIH, Bethesda, MD, USA). Chl was extracted from detached cotyledons, using methanol; the total Chl content was calculated as follows: Chla + b = 22.12A652.0 + 2.71A655.2; where A = absorbance.



To measure photosynthetic efficiency (Fv/Fm), a cotyledon leaf was clipped, placed in the dark for 30 min, and analyzed, using a photosynthesis yield analyzer (MINI-PAM-II; Heinz Walz GmbH, Effeltrich, Germany).




4.2. Total Protein Extraction and Western Blot Analysis


Total proteins were extracted from harvested seedlings. Seedlings were ground into fine powder using liquid nitrogen; two volumes of ice-chilled protein extraction buffer (1× PBS, pH 7.4, 0.1% Triton X-100) and protease inhibitor cocktail tablets (Complete Mini, Roche, Indianapolis, IN, USA) were added and the suspension was mixed well. The samples were incubated on ice for 20 min and then centrifuged for 10 min at 4 °C. The supernatant (total protein extracts) was transferred to a new sample tube.



For one-dimensional SDS-PAGE, a 20 μg aliquot of total protein extract was added to denaturing loading sample buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS, 20% glycerol, 1% bromophenol blue, and 0.2% DTT) and heated at 95 °C for 5 min. The samples were subjected to SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were incubated with 5% nonfat dried milk in TBS-T (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, and 0.1% Tween-20) for 1 h before a further incubation with antibodies against RBCL (1:5000; Agrisera, Vannas, Sweden), LHCB (1:2000; Agrisera, Vannas, Sweden), or actin (1:1000; Abcam, Seoul, Republic of Korea) for 1 h. Membranes were washed three times for 10 min. For secondary antibody treatment, membranes were incubated with a 1:3000 dilution of anti-rabbit antibody conjugated with horseradish peroxidase (HRP) for 30 min. Blots were washed with TBS-T three times for 10 min and developed, using the enhanced chemiluminescence (ECL) system.




4.3. Total RNA Extraction and qRT-PCR


Total RNA was extracted from 5-day-old seedlings using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. First-strand cDNA was synthesized from 1 μg total RNA using a cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA). To rescue chloroplast-expressed RNA, cDNA was synthesized, using oligo dT and random primers. The cDNA template was analyzed by qRT-PCR using a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA), gene-specific primers (Supplementary Table S1), and AccuPower 2× GreenStar qPCR Master Mix (Bioneer, Daejeon, Republic of Korea). EF1α was used as an internal reference gene for data normalization. The qRT-PCR was performed using the following conditions: 95 °C for 5 min, followed by 45 cycles of 95 °C for 20 s, 58 °C for 20 s, and 72 °C for 20 s. The mean level of expression of each gene was determined, using the comparative Ct method (2−ΔΔCt). Data and error bars are indicated as means ± standard deviation (SD). The experiments were performed independently three or four times.




4.4. Transmission Electron Microscopy (TEM)


The samples were fixed with 2% glutaraldehyde and 2% paraformaldehyde in phosphate buffer (pH 7.4) for 1 h at 4 °C and postfixed with osmium tetroxide for 40 min at 4 °C. The samples were then dehydrated in a graded ethanol series, treated with a graded propylene oxide series, and embedded into Epon (TED Pella, Redding, CA, USA). The embedded samples were cut into ultra-thin (80 nm) sections, placed on a copper grid before being stained with uranyl acetate and lead citrate, and were observed using a transmission electron microscope (JEM-2100F, Tokyo, Japan) at 200 KV.




4.5. Statistical Analyses


All statistical data analyses were carried out using Minitab 18 (Minitab Inc., State College, PA, USA), with one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test employed to identify differences, p < 0.05.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antibiotics10101273/s1, Figure S1. The effect of veterinary antibiotics on growth of Brassica campestris seedlings in the dark; Figure S2. Comparison of the effects of different concentrations of Ery on Brassica campestris seedlings grown in long-day photoperiods and darkness; Figure S3. The chlorophyll biosynthesis pathway and the chlorophyll cycle; Figure S4. Effect of veterinary antibiotics on expression of genes involved in the regulation of chlorophyll content; Figure S5. Effect of veterinary antibiotics on expression of genes such as SCO1 and RPL21; Table S1. Primer sequences used in this study.





Author Contributions


Conceptualization, M.S.C. and Y.B.L.; methodology, M.S.C., H.C. and M.S.J.; software, Y.-E.Y.; validation, M.S.C., H.S.J. and Y.B.L.; data curation, M.S.C., M.S.J. and Y.-E.Y.; writing—original draft preparation, M.S.C. and Y.B.L.; writing—review and editing, M.S.C., H.S.J. and Y.B.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Research Foundation of Korea; NRF-2020R1A2C1003313 (YBL) and NRF-2021R1I1A1A01045128 (MSC).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors appreciate Min Chul Kim (Gyeongsang National University) and Youn-Sig Kwak (Gyeongsang National University) for kindly helping to use the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhu, J.K. Abiotic stress signaling and responses in plants. Cell 2016, 167, 313–324. [Google Scholar] [CrossRef] [PubMed]

	



Potters, G.; Pasternak, T.P.; Guisez, Y.; Palme, K.J.; Jansen, M.A.K. Stress-induced morphogenic responses: Growing out of trouble? Trends Plant Sci. 2007, 12, 98–105. [Google Scholar] [CrossRef] [PubMed]

	



Cramer, G.R.; Urano, K.; Delrot, S.; Pezzotti, M.; Shinozaki, K. Effects of abiotic stress on plants: A systems biology perspective. BMC Plant Biol. 2011, 11, 163. [Google Scholar] [CrossRef]

	



Landers, T.F.; Cohen, B.; Wittum, T.E.; Larson, E.L. A review of antibiotic use in food animals: Perspective, policy, and potential. Public Health Rep. 2012, 127, 4–22. [Google Scholar] [CrossRef] [PubMed]

	



Sarmah, A.K.; Meyer, M.T.; Boxall, A.B.A. A global perspective on the use, sales, exposure pathways, occurrence, fate and effects of veterinary antibiotics (VAs) in the environment. Chemosphere 2006, 65, 725–759. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Lu, G.; Ding, J.; Zhang, Z.; Wang, Y. Tissue distribution, bioconcentration, metabolism, and effects of erythromycin in crucian carp (Carassius auratus). Sci. Total Environ. 2014, 490, 914–920. [Google Scholar] [CrossRef]

	



Ezzariai, A.; Hafidi, M.; Khadra, A.; Aemig, Q.; El Fels, L.; Barret, M.; Merlina, G.; Patureau, D.; Pinelli, E. Human and veterinary antibiotics during composting of sludge or manure: Global perspectives on persistence, degradation, and resistance genes. J. Hazard. Mater. 2018, 359, 465–481. [Google Scholar] [CrossRef]

	



Kumar, K.; Gupta, S.C.; Baidoo, S.K.; Chander, Y.; Rosen, C.J. Antibiotic Uptake by Plants from Soil Fertilized with Animal Manure. J. Environ. Qual. 2005, 34, 2082–2085. [Google Scholar] [CrossRef]

	



Kuppusamy, S.; Kakarla, D.; Venkateswarlu, K.; Megharaj, M.; Yoon, Y.E.; Lee, Y.B. Veterinary antibiotics (VAs) contamination as a global agro-ecological issue: A critical view. Agric. Ecosyst. Environ. 2018, 257, 47–59. [Google Scholar] [CrossRef]

	



Bártíková, H.; Podlipná, R.; Skálová, L. Veterinary drugs in the environment and their toxicity to plants. Chemosphere 2016, 144, 2290–2301. [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]

	



Bhatt, E.; Gauba, P. Impact of antibiotics on plants. Int. J. Pharm. Sci. Rev. Res. 2018, 52, 49–53. [Google Scholar]

	



Zhang, C.; Xue, J.; Cheng, D.; Feng, Y.; Liu, Y.; Aly, H.M.; Li, Z. Uptake, translocation and distribution of three veterinary antibiotics in Zea mays L. Environ. Pollut. 2019, 250, 47–57. [Google Scholar] [CrossRef]

	



Thompson, L.A.; Darwish, W.S. Environmental Chemical Contaminants in Food: Review of a Global Problem. J. Toxicol. 2019, 2019, 2345283. [Google Scholar] [CrossRef]

	



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]

	



Minden, V.; Deloy, A.; Volkert, A.M.; Leonhardt, S.D.; Pufal, G. Antibiotics impact plant traits, even at small concentrations. AoB Plants 2017, 9, plx010. [Google Scholar] [CrossRef]

	



Jin, C.; Chen, Q.; Sun, R.; Zhou, Q.; Liu, J. Eco-toxic effects of sulfadiazine sodium, sulfamonomethoxine sodium and enrofloxacin on wheat, Chinese cabbage and tomato. Ecotoxicology 2009, 18, 878–885. [Google Scholar] [CrossRef]

	



Tripathy, B.C.; Pattanayak, G.K. Chlorophyll Biosynthesis in Higher Plants. In Photosynthesis; Springer: Dordrecht, The Netherlands, 2012; ISBN 9789400715790. [Google Scholar]

	



Zhang, Y.; Zhang, A.; Li, X.; Lu, C. The role of chloroplast gene expression in plant responses to environmental stress. Int. J. Mol. Sci. 2020, 21, 6082. [Google Scholar] [CrossRef] [PubMed]

	



Barkan, A.; Goldschmidt-Clermont, M. Participation of nuclear genes in chloroplast gene expression. Biochimie 2000, 82, 559–572. [Google Scholar] [CrossRef]

	



Sandelius, A.S.; Aronsson, H. The Chloroplast: Interactions with the Environment; Springer: Berlin/Heidelberg, Germany, 2009; Volume 13. [Google Scholar] [CrossRef]

	



Leister, D.; Wang, X.; Haberer, G.; Mayer, K.F.X.; Kleine, T. Intracompartmental and intercompartmental transcriptional networks coordinate the expression of genes for organellar functions. Plant Physiol. 2011, 157, 386–404. [Google Scholar] [CrossRef] [PubMed]

	



Chan, K.X.; Phua, S.Y.; Crisp, P.; McQuinn, R.; Pogson, B.J. Learning the Languages of the Chloroplast: Retrograde Signaling and beyond. Annu. Rev. Plant Biol. 2016, 67, 25–53. [Google Scholar] [CrossRef]

	



Paila, Y.D.; Richardson, L.G.L.; Schnell, D.J. New insights into the mechanism of chloroplast protein import and its integration with protein quality control, organelle biogenesis and development. J. Mol. Biol. 2015, 427, 1038–1060. [Google Scholar] [CrossRef] [PubMed]

	



Leister, D.; Wang, L.; Kleine, T. Organellar gene expression and acclimation of plants to environmental stress. Front. Plant Sci. 2017, 8, 387. [Google Scholar] [CrossRef]

	



Mareš, J.; Strunecký, O.; Bučinská, L.; Wiedermannová, J. Evolutionary patterns of thylakoid architecture in Cyanobacteria. Front. Microbiol. 2019, 10, 277. [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]

	



Yoon, Y.E.; Cho, H.M.; Bae, D.W.; Lee, S.J.; Choe, H.; Kim, M.C.; Cheong, M.S.; Lee, Y.B. Erythromycin treatment of Brassica campestris seedlings impacts the photosynthetic and protein synthesis pathways. Life 2020, 10, 311. [Google Scholar] [CrossRef]

	



Cheong, M.S.; Yoon, Y.-E.; Kim, J.W.; Hong, Y.K.; Kim, S.C.; Lee, Y.B. Chlortetracycline inhibits seed germination and seedling growth in Brassica campestris by disrupting H2O2 signaling. Appl. Biol. Chem. 2020, 63, 1–8. [Google Scholar] [CrossRef]

	



Wu, D.; Wright, D.A.; Wetzel, C.; Voytas, D.F.; Rodermel, S. The IMMUTANS variegation locus of arabidopsis defines a mitochondrial alternative oxidase homolog that functions during early chloroplast biogenesis. Plant Cell 1999, 11, 43–55. [Google Scholar] [CrossRef]

	



Shimoda, Y.; Ito, H.; Tanaka, A. Arabidopsis STAY-GREEN, mendel’s green cotyledon gene, encodes magnesium-dechelatase. Plant Cell 2016, 28, 2147–2160. [Google Scholar] [CrossRef]

	



Sakuraba, Y.; Park, S.Y.; Paek, N.C. The divergent roles of STAYGREEN (SGR) Homologs in chlorophyll degradation. Mol. Cells 2015, 38, 390–395. [Google Scholar] [CrossRef]

	



Albrecht, V.; Ingenfeld, A.; Apel, K. Characterization of the snowy cotyledon 1 mutant of Arabidopsis thaliana: The impact of chloroplast elongation factor G on chloroplast development and plant vitality. Plant Mol. Biol. 2006, 60, 507–518. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y. iTRAQ-based Proteomic Analysis of a Chlorophyll- De cient Mutant Caused by Single Base Change in RPS4 of Chinese Cabbage (Brassica Campestris L. ssp. Pekinensis). Res. Sq. 2020. preprint. [Google Scholar] [CrossRef]

	



Lee, J. Leaf Proteome Analysis in Brassica rapa L. (Inbred line ‘Chiifu’) using Shotgun Proteome Approach. Plant Breed. Biotechnol. 2015, 3, 389–395. [Google Scholar] [CrossRef]

	



Eberhard, S.; Finazzi, G.; Wollman, F.A. The dynamics of photosynthesis. Annu. Rev. Genet. 2008, 42, 463–515. [Google Scholar] [CrossRef]

	



Boxall, A.B.A.; Fogg, L.A.; Blackwell, P.A.; Kay, P.; Pemberton, E.J.; Croxford, A. Veterinary medicines in the environment. Rev. Environ. Contam. Toxicol. 2004, 1–91. [Google Scholar] [CrossRef]

	



Boxall, A.B.A.; Johnson, P.; Smith, E.J.; Sinclair, C.J.; Stutt, E.; Levy, L.S. Uptake of veterinary medicines from soils into plants. J. Agric. Food Chem. 2006, 54, 2288–2297. [Google Scholar] [CrossRef]

	



Myouga, F.; Hosoda, C.; Umezawa, T.; Iizumi, H.; Kuromori, T.; Motohashi, R.; Shono, Y.; Nagata, N.; Ikeuchi, M.; Shinozaki, K. A heterocomplex of iron superoxide dismutases defends chloroplast nucleoids against oxidative stress and is essential for chloroplast development in arabidopsis. Plant Cell 2008, 20, 3148–3162. [Google Scholar] [CrossRef]

	



Schoefs, B. The Light-Dependent and Light-Independent Reduction of Protochlorophyllide a to Chlorophyllide a. Photosynthetica 2000, 36, 481–496. [Google Scholar] [CrossRef]

	



Gaubier, P.; Wu, H.J.; Laudié, M.; Delseny, M.; Grellet, F. A chlorophyll synthetase gene from Arabidopsis thaliana. MGG Mol. Gen. Genet. 1995, 249, 58–64. [Google Scholar] [CrossRef]

	



Woodson, J.D.; Perez-Ruiz, J.M.; Chory, J. Heme synthesis by plastid ferrochelatase i regulates nuclear gene expression in plants. Curr. Biol. 2011, 21, 897–903. [Google Scholar] [CrossRef]

	



Roach, T.; Krieger-Liszkay, A. Regulation of Photosynthetic Electron Transport and Photoinhibition. Curr. Protein Pept. Sci. 2014, 15, 351–362. [Google Scholar] [CrossRef]

	



Gupta, A.S.; Berkowitz, G.A. Development and Use of Chlorotetracycline Fluorescence as a Measurement Assay of Chloroplast Envelope-Bound Mg2+. Plant Physiol. 1989, 89, 753–761. [Google Scholar] [CrossRef]

	



Park, S.Y.; Yu, J.W.; Park, J.S.; Li, J.; Yoo, S.C.; Lee, N.Y.; Lee, S.K.; Jeong, S.W.; Hak, S.S.; Koh, H.J.; et al. The senescence-induced staygreen protein regulates chlorophyll degradation. Plant Cell 2007, 19, 1649–1664. [Google Scholar] [CrossRef]

	



Rydzynski, D.; Piotrowicz-Cieslak, A.I.; Grajek, H.; Wasilewski, J. Investigation of chlorophyll degradation by tetracycline. Chemosphere 2019, 229, 409–417. [Google Scholar] [CrossRef]

	



Hoober, J.K.; Eggink, L.L.; Chen, M. Chlorophylls, ligands and assembly of light-harvesting complexes in chloroplasts. Photosynth. Res. 2007, 94, 387–400. [Google Scholar] [CrossRef]

	



Sadali, N.M.; Sowden, R.G.; Ling, Q.; Jarvis, R.P. Differentiation of chromoplasts and other plastids in plants. Plant Cell Rep. 2019, 38, 803–818. [Google Scholar] [CrossRef] [PubMed]

	



Van Wijk, K.J.; Kessler, F. Plastoglobuli: Plastid Microcompartments with Integrated Functions in Metabolism, Plastid Developmental Transitions, and Environmental Adaptation. Annu. Rev. Plant Biol. 2017, 68, 253–289. [Google Scholar] [CrossRef] [PubMed]

	



Oosawa, N.; Masuda, T.; Awai, K.; Fusada, N.; Shimada, H.; Ohta, H.; Takamiya, K. ichiro Identification and light-induced expression of a novel gene of NADPH-protochlorophyllide oxidoreductase isoform in Arabidopsis thaliana. FEBS Lett. 2000, 474, 133–136. [Google Scholar] [CrossRef]

	



Barnes, S.A.; Nishizawa, N.K.; Quaggio, R.B.; Whitelam, G.C.; Chua, N.H. Far-red light blocks greening of arabidopsis seedlings via a phytochrome A-mediated change in plastid development. Plant Cell 1996, 8, 601–615. [Google Scholar] [CrossRef]

	



Tanaka, R.; Kobayashi, K.; Masuda, T. Tetrapyrrole Metabolism in Arabidopsis thaliana. Arab. Book 2011, 9, e0145. [Google Scholar] [CrossRef] [PubMed]

	



Rottet, S.; Besagni, C.; Kessler, F. The role of plastoglobules in thylakoid lipid remodeling during plant development. Biochim. Biophys. Acta Bioenerg. 2015, 1847, 889–899. [Google Scholar] [CrossRef] [PubMed]

	



Bowler, C.; Van Camp, W.; Van Montagu, M.; Inzé, D.; Asada, K. Superoxide Dismutase in Plants. CRC. Crit. Rev. Plant Sci. 1994, 13, 199–218. [Google Scholar] [CrossRef]

	



Kuo, W.Y.; Huang, C.H.; Liu, A.C.; Cheng, C.P.; Li, S.H.; Chang, W.C.; Weiss, C.; Azem, A.; Jinn, T.L. CHAPERONIN 20 mediates iron superoxide dismutase (FeSOD) activity independent of its co-chaperonin role in Arabidopsis chloroplasts. New Phytol. 2013, 197, 99–110. [Google Scholar] [CrossRef] [PubMed]

	



Kroll, D.; Meierhoff, K.; Bechtold, N.; Kinoshita, M.; Westphal, S.; Vothknecht, U.C.; Soll, J.; Westhoff, P. VIPP1, a nuclear gene of Arabidopsis thaliana essential for thylakoid membrane formation. Proc. Natl. Acad. Sci. USA 2001, 98, 4238–4242. [Google Scholar] [CrossRef]

	



Babiychuk, E.; Bouvier-Nave, P.; Compagnon, V.; Suzuki, M.; Muranaka, T.; Van Montagu, M.; Kushnir, S.; Schaller, H. Allelic mutant series reveal distinct functions for Arabidopsis cycloartenol synthase 1 in cell viability and plastid biogenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 3163–3168. [Google Scholar] [CrossRef]








[image: Antibiotics 10 01273 g001 550] 





Figure 1. Growth of Brassicacampestris seedlings treated with the veterinary antibiotics, erythromycin or chlortetracycline. Surface-sterilized seeds were placed on agar plates in the absence (control) or presence of erythromycin (Ery), chlortetracycline (CTC), or a combination of the two (Ery + CTC) and grown vertically for 5 days. (a) Morphological phenotypes at day 5. (b) Primary root length. Primary root length was measured from photographs using ImageJ software Data are means ± SD (n = 39). (c) Total chlorophyll (Chl) content (Chla+Chlb). Chl was extracted from detached cotyledons using methanol. Data are means ± SD (n = 39). (d) Photosynthetic efficiency (Fv/Fm). Data are means ± SD (n = 25). Photosynthetic efficiency in cotyledon leaves (n = 25) was measured, using a photosynthesis yield analyzer (MINI-PAM-II). Different letters above bars indicate statistically significant difference within each treatment as determined by one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test, p < 0.05. All the experiments used 5 mg/L of the indicated antibiotics and were replicated four times with similar results. 
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Figure 2. Effect of veterinary antibiotics on expression of RBOH and SOD genes. (a) Expression of RBOHD and RBOHF. (b) Expression of SODs: FSD1, FSD2, FSD3, and CSD3. The relative expression (fold change) was determined by qRT-PCR analysis of total RNA extracted from whole B. campestris seedlings grown for 5 days under the following conditions: control, no antibiotics; Ery, 5 mg/L erythromycin; CTC, 5 mg/L chlortetracycline; Ery + CTC, 5 mg/L erythromycin and 5 mg/L chlortetracycline; dark, no antibiotics and complete darkness for 5 days. Expression of each gene was normalized against expression of the reference gene EF1a. Bars represent means ± SD (n = 36); the experiments were replicated three times with similar results. Different letters above bars indicate a statistically significant difference within each treatment as determined by one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test, p < 0.05. 
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Figure 3. Effect of veterinary antibiotics on expression ofgenes involved in the regulation of chlorophyll content. Expression levels of the genes marked in bold in Figure S3 were determined by qRT-PCR analysis of total RNA extracted from B. campestris seedlings grown in the light for 5 days under the following conditions: control, no antibiotics; Ery, 5 mg/L erythromycin; CTC, 5 mg/L chlortetracycline; Ery + CTC, 5 mg/L erythromycin and 5 mg/L chlortetracycline; dark, no antibiotics and complete darkness for 5 days. (a) Expression of FC1 (Bra009876), FC2 (Bra007748), and IMMUTANS (IM; Bra013604). (b) Expression of CHLH (Bra006208), CHLD (Bra018619), and CHLI (Bra012595 and Bra013314). (c) Expression of PORA (Bra003004), PORC (Bra033415 and Bra030540), CHLG1 (Bra040893), and CHLG2 (Bra028411). (d) Expression of SGRs (Bra019346 and Bra000755). Expression of each gene was normalized against expression of the reference gene EF1α. Bars represent means ± SD (n = 20); the experiments were replicated three times with similar results. Different letters above bars indicate a statistically significant difference within each treatment as determined by one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test, p < 0.05. N.S. = no significant differences among treatments. 
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Figure 4. Effect of veterinary antibiotics onexpression of genes and proteins involved in photosynthesis. (a) Expression of RBCL (ribulose bisphosphate carboxylase large subunit; Bra028087). (b) Expression of LHCB (light-harvesting complex Chl a/b-binding protein; Bra002999 and Bra029732). (c) Expression of PSBP-1 (photosynthetic II subunit P-1; Bra031534). (d) Expression of PETC (photosynthetic electron transfer C; Bra000837 and Bra034200). (e) Expression of PSAD-1 (photosystem I subunit D-1; Bra036240). The relative expression (fold change) was determined by qRT-PCR analysis of total RNA extracted from B. campestris seedlings grown in the light for 5 days under the following conditions: control, no antibiotics; Ery, 5 mg/L erythromycin; CTC, 5 mg/L chlortetracycline; Ery + CTC, 5 mg/L erythromycin and 5 mg/L chlortetracycline; dark, no antibiotics and complete darkness for 5 days. Expression of each gene was normalized against expression of the reference gene EF1α. Bars represent means ± SD (n = 24); the experiments were replicated four times with similar results. Different letters above bars indicate statistically significant difference within each treatment as determined by one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test, p < 0.05. (f) Abundance of RBCL, LHCB1, and actin proteins. Immunoblot analysis using anti-RBCL, anti-LHCB1, and anti-actin antibodies of total protein extracted from seedlings grown as in Figure 4a–e; the anti-actin immunoblot was used as a loading control. 
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Figure 5. Ultrastructural changes in epidermal plastids. Transmission electron microscopy of the plastids was performed using cotyledons of 5-day-old seedlings grown under the following conditions: control, no antibiotics; Ery, 5 mg/L erythromycin; CTC, 5 mg/L chlortetracycline; dark, no antibiotics and darkness for 5 days. Plastids in control seedlings contained thylakoid membranes (th), unlike those in seedlings treated with Ery, CTC, or darkness. St, stroma thylakoid membrane; gt, granal thylakoid membrane; CW, cell wall; Vc, vacuole-like structure; PG, plastoglobuli; SG, starch granule. 
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Figure 6. A working model of the effects of Ery and CTC on chloroplast (Chl) development. (a) Ery and CTC inhibit chloroplast development reducing the efficiency of photosynthesis. (b) Ery inhibits light-mediated Chl biosynthesis and the expression of photosynthetic gene expression. (c) CTC inhibits the stability of the photosynthetic apparatus stability, reducing the efficiency of photosynthesis. Arrows represent promoters of biological processes and T-shaped symbols represent inhibitors. Gray lines (in b,c) are known from previous reports; black lines in (a) are confirmed by this study. 
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