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Abstract

:

A cell suspension culture of saffron (Crocus sativus L.) was previously established from style-derived calli to obtain an in vitro system for crocin, an uncommon and valuable water-soluble apocarotenoid, and carotenoid production suitable for future scaling up. To shed more light on the correlation between apocarotenoid biosynthesis and key-gene expression, in this study, SA was used at 0.5 mM concentration to elicit crocin production and the effects on carotenoid production were analyzed after 6, 12, 24, and 48 h. HPLC-DAD analysis was used for total crocin quantification as well as the other carotenoids zeaxanthin, β-carotene and lutein. Quantitative RT-PCR was used to analyze the transcript levels of saffron apocarotenoid biosynthetic key genes PSY (phytoene synthase), BCH1 (β-carotene hydroxylase), and CCD2 (carotenoid cleavage dioxygenase) after SA elicitation. In saffron suspension-cultured cells elicited by SA, the carotenoid biosynthetic pathway was mostly enhanced toward crocin biosynthesis, known to exert strong biological activity and therapeutic effects, rather than lutein or xanthins. SA increased BCH1 and CCD2 gene expression 15.6 and 3.3 times, respectively, compared to the control at 24 h after elicitation. Although a dynamic change of metabolite contents and gene expression was observed during the 48 h time course in response to SA elicitation, the changes of zeaxanthin and crocin were consistent with the regulation of the corresponding genes BCH and CCD2 during the time course. In conclusion, the effects of SA on regulation of gene expression in the apocarotenoid pathway could be successfully applied for the biotechnological production of crocin.
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1. Introduction


Saffron, the most expensive spice worldwide, consists of dried stigmas of Crocus sativus L. flowers, belonging to the Iridaceae family. Crocin, picrocrocin and safranal are the three major apocarotenoids present in saffron; they confer the typical characteristics of bitter taste, red color and pharmaceutical properties and are responsible of saffron quality and commercial value [1]. Saffron has also been used as a coloring agent in textiles and cosmetics since era period [2]. Saffron apocarotenoids have numerous pharmaceutical properties including antitumor, neuroprotective, anti-inflammatory, and cardioprotective activities [3].



Apocarotenoids originate from carotenoids by the oxidative tailoring of β-carotene and zeaxanthin. Among saffron apocarotenoids, crocin and its precursor crocetin have been proved to express the highest antioxidant activity and biological effects [4,5,6,7]. Crocin derives from an oxidative cleavage of zeaxanthin, through a reaction catalyzed by carotenoid cleavage dioxygenase (CCD2), identified in saffron stigma [8]. In Crocus sativus, genes involved in apocarotenoid biosynthesis were identified by comprehensive transcriptome analysis [9,10]. The biosynthesis of apocarotenoids occurs through the methylerythritol phosphate (MEP) pathway and phytoene synthase enzyme (PSY), which catalyzes the condensation of two molecules of geranylgeranyl diphosphate (GGDP) to form phytoene, being the first step of carotenoid biosynthetic pathway [11]. Another key step in apocarotenoid production is related to the formation of zeaxanthin, catalyzed by β-carotene hydroxylase (BCH). Zeaxanthin is a precursor of crocin and other zeaxanthin derivatives such as picrocrocin and safranal. In Crocus sativus plants, the accumulation of saffron apocarotenoids is regulated by the transcriptional levels of CsPSY, CsBCH, and CsCCD2 genes [12].



The in vitro production of bioactive metabolites by plant suspension cell cultures has gained increasing interest as a continuous supply strategy, independent from environmental limitations. As well, it can be a valuable alternative to the use of engineered transgenic plants which are often prevented by strict regulations mostly in European countries [13,14]. In various medicinal plants, salycilic acid (SA) has been shown to have a signaling effect on the biosynthesis of secondary metabolites through the induction of gene expression [15,16].



In our previous work, SA applied at various concentrations from 0.1 to 1 mM was shown to significantly enhance the production of crocin and phenolic compounds in saffron suspension-cultured cells [17]. Investigating the transcriptional levels of key genes involved in the carotenoid pathway toward apocarotenoid biosynthesis can help shedding light on the effects of SA application. Therefore, in this study, the quantification of saffron characteristic pigment crocin, as well as other metabolites such as lutein, β-carotene and zeaxanthin was performed after the application of SA 0.5 mM in saffron cell cultures. The expression levels of key biosynthetic genes PSY, BCH, and CCD2 evaluated by quantitative real-time PCR correlated with metabolite accumulation (Figure 1).




2. Materials and Methods


2.1. Saffron Suspension-Cultured Cells and SA Elicitation


Saffron cell suspensions were established from style originated calli as described previously [18]. MS medium [19] supplemented with NAA 3 mg L−1 and TDZ 1 mg L−1 was used for cell maintenance, according to previous studies [17,18], incubating on a rotary shaker (120 rpm) at 24 °C under dark conditions. The cells were sub-cultivated every 10 days in 500-mL Erlenmeyer flasks by transferring 15 mL of the 10 day-old suspensions into 85 mL fresh MS medium.



SA (Sigma, St. Louis, MO, USA) was first dissolved in methanol, diluted with deionized water, and filter-sterilized before adding to the culture medium. SA was applied to 3 day-old saffron suspension cultured cells at the final concentration of 0.5 mM. The same amount of methanol was added to the cultures as a control. Cell samples were collected at various time intervals and were filtered under vacuum using Miracloth filters (pore size 22–25 μm, Calbiochem, Los Angeles, CA, USA). Samples were frozen in liquid nitrogen, lyophilized overnight (Labconco, Kansas City, MO, USA) and kept at −80 until used.




2.2. Extraction and Separation of Crocin and Carotenoids from Saffron Treated Cells


To monitor the carotenoid and crocin content from saffron control and SA treated cells, the methods described by Sadler et al. [20] and Perkins-Veazie et al. [21] were optimized to extract simultaneously carotenoids and crocin. Briefly, 200 mg cell samples were extracted with 5 mL (0.05% w/v) of butylated hydroxytoluene (BHT) in acetone, 5 mL 95% ethanol, and 10 mL hexane for 15 min after stirring at 180 rpm. At the final step, 3 mL distilled water was added to the mixture and centrifuged at 4000× g for 10 min. The upper phase was discarded, recovered two times with hexane, speed-dried under vacuum, and kept at −20 for carotenoid qualifications. The lower phase, the water-soluble phase with a strong visible yellow color, was used for crocin analysis.




2.3. HPLC-DAD Analysis of Crocin and Carotenoids


Crocin was quantified by an auto-sampler HPLC device (Agilent-1290 infinity) equipped with the C18 column as described previously (Moradi et al., 2018). α-crocin (PhytoLab, Vestenbergsgreuth, Germany) was used as a pure crocin standard for the quantification of crocin at 440 nm. For carotenoids, samples were kept at −20, redissolved in ethyl acetate (50 µL), and immediately analyzed by Agilent 1100 Series HPLC system (Agilent Technologies, Waldbronn, Germany) as described by Rizzello et al. [22]. Briefly, the carotenoids were identified at a wavelength of 475 nm while comparing their retention times and UV–vis spectra to a mixed authentic standard, comprising violaxanthin, neoxanthin, chlorophyll b, lutein, zeaxanthin, and β-carotene [22].




2.4. Isolation of Nucleic Acids and cDNA Synthesis


Saffron cell samples, frozen in liquid nitrogen, were powdered using a pestle in a pre-cooled mortar and the powder was stored at −80 °C until used. DNA was extracted using DNeasy Plant Mini Kit (Qiagen, Milan, Italy).



Total RNA isolation was performed by a SV Total RNA isolation kit (Promega s.r.l., Milan, Italy) following the manufacturer’s instructions. RNA quality was evaluated by separation on 1% agarose gel. Furthermore, RNA was quantified using the NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). About 5 μg of total RNA was treated with RQ1 RNase-Free DNase (Promega, Milano, Italy) to remove the possible genomic DNA contamination. The first strand cDNA was synthesized by ImProm-II Reverse Transcription System (Promega), according to the manufacturer’s instructions and the following PCR conditions were used: 25 °C for 5 min, 42 °C for 1 h, and 70 °C for 15 min.




2.5. Quantitative RT-PCR Analysis


The cDNA templates obtained from control and saffron cell samples were first tested for genomic DNA contamination by using gBch1f and gBch1r (Table 1) primers to amplify the region of the Bch1 gene. The region was amplified using the polymerase chain reaction (PCR) cycles according to the following conditions: pre-denaturation at 95 °C for 2 min, denaturation 95 °C for 40 sec, annealing 52 °C for 45 s, extension 72 °C for 1 min, final extension 72 °C for 7 min. The size of the amplified product obtained was compared with that obtained using genomic DNA as a template (data not shown). Quantitative RT-PCR was used to analyze the transcript levels of saffron apocarotenoid key genes CsPSY (Acc. Number, AJ888514.1), CsBCH1 (Acc. Number AJ416711.2) and CsCCD2 (Acc. Number KJ541749.1). Quantitative RT-PCR was performed by the Applied Biosystems 7500 apparatus, using a sequence-specific primer set and probes which are listed in Table 1. All the primers were purchased from PRIMM srl (Milan, Italy). The probes were labeled at the 5’-end with 6-carboxy-fluorescein (FAM) and the 3’-end with tetramethylrhodamine (TAMRA). The reaction was performed in a total volume of 25 μL, which included 12.5 μL of 2X TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 0.9 μM gene-specific primers, 0.5 µL of template cDNA and a 0.2 μM probe. The cycling conditions were 95 °C for 20 s, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The transcript abundance of key genes was detected in saffron cell cultures treated with 0.5 mM SA in a time course of 30 min, 90 min, 3 h and 24 h. The amplification of Crocus sativus 18S RNA (Acc. Number, AJ489273) gene was used as the endogenous control. The relative expression was normalized against Crocus sativus 18S RNA and the amount was calculated using the untreated (Ctr) samples as a calibrator, whose expression was given as equal to one. Experiments were performed in three replications. The transcripts were quantified through the comparative quantitation method 2−ΔΔCT [23].




2.6. Statistical Analysis


Data are the results of three independent experiments, reported as the mean value ± standard deviation (SD) and analyzed statistically by a one-way ANOVA along with a post hoc test using SPSS-22 software. Differences among the means were compared at the significance level of p ≤ 0.05.





3. Results


Based on the results from our previous study on the effects of SA on cell growth and crocin production in saffron suspension-cultured cells [17], SA 0.5 mM was chosen as the optimal concentration to investigate the SA effects on carotenoid contents and the expression of genes involved in the crocin biosynthetic pathway at various intervals during a 48 h time-course.



3.1. Carotenoid Contents after 0.5 mM SA Elicitation


Lutein, β-carotene, zeaxanthin and crocin contents in saffron suspension-cultured cells were analyzed at various intervals after SA 0.5 mM treatment and compared to controls. In all the analyzed samples, carotenoids revealed the highest values after 48 h. Lutein showed a nearly stable trend up to 24 h and increased by almost two-fold at 48 h both in treated and control samples. Higher lutein amounts, although not statistically significant, were observed in SA-treated cultures rather than in control ones only after 6 and 12 h. As for β-carotene, a slight decrease was observed from 6 to 12 h both in SA treated and control cultures, while after 24 h the decrease became more relevant only in control cultures. At 48 h, both treated and control cultures showed a 1.9 times increase of β-carotene amounts compared to the amounts detected at 24 h (Figure 2).



As for the content of zeaxanthin and crocin, both showed increasing levels during the time course to 48 h with the amounts measured in the treated samples always higher than the control. In particular, zeaxanthin amounts of SA-treated cultures reached 0.23 μg g−1 DW at 48 h compared to 0.15 μg g−1 DW detected in the corresponding control sample. Crocin also reached its maximum amount of 4.62 μg g−1 DW at 48 h after elicitation compared to 3.47 μg g−1 DW in untreated cultures (Figure 3).




3.2. Gene Expression of Crocin Biosynthetic Pathway after SA Treatment


The expression of key genes responsible for the biosynthesis of apocarotenoids in C. sativus was investigated in control and 0.5 mM SA-treated suspension-cultured cells in a time course from 30 min to 24 h. Three key genes encoding the following enzymes for the biosynthesis of carotenoids were analyzed by quantitative real-time PCR (qPCR): phytoene synthase (CsPSY), which catalyzes the condensation of two molecules of geranylgeranyl pyrophosphate to form phytoene, β-carotene hydroxylase (CsBCH1), which catalyzes the hydroxylation of β-carotene to β-cryptoxanthin and zeaxanthin, and carotenoid cleavage dioxygenase (CsCCD2) a recently identified CCD family member from C. sativus, which cleaves the 7,8 and 7′,8′ double bonds of zeaxanthin to produce crocetin dialdehyde and 3-OH-β-cyclocitral; this is the first step of specific saffron crocin biosynthesis [24]. Comparative gene expression at different intervals after elicitation is shown in Figure 4.



As can be seen from the results obtained (Figure 4), early after SA elicitation, at 30 min, a decreased expression of the three genes was observed. Later on, the expression pattern of these genes was dissimilar, likely due to the different functions of the relative enzymes in the carotenoid biosynthetic pathway. As for CsPSY gene expression, only after 3 h a slight increase was detected, while after 24 h it decreased to the levels observed at early times. The expression of the CsBCH1 gene slightly increased after 90 min, reaching a 2.5-fold increase, compared to the control, 3 h after SA elicitation. Interestingly, after 24 h an even more relevant increase up to 15.6-fold compared to control cultures was detected. As for the expression of CsCCD2 gene, low levels were observed at early times up to 3 h after elicitation while a 3.32-fold enhancement compared to the control was observed at 24 h after SA elicitation.





4. Discussion


The apocarotenoid crocins are well-known for their healthful properties for humans, which include several pharmacological activities, such as anticancer effects, reducing the risk of atherosclerosis, and preventing Alzheimer’s disease [25,26]. As the traditional sources of crocins are no longer sufficient to meet current demands, efforts to increase the crocin production by using in vitro saffron cell cultures are well desirable. To this regard, shedding more light on the molecular mechanism of enhancing in vitro metabolite production by using elicitors such as SA can be very helpful.



In previous works, we established a saffron cell suspension culture from style originated calli and elicited with increasing concentrations of SA up to 1 mM. The elicited suspension cells showed an enhancement of crocin and phenolic compounds to significant levels compared to the untreated cell suspensions. Nevertheless, saffron cell growth inhibition after the addition of SA to the culture medium was observed. Particularly, the highest concentration, 1 mM SA, caused the highest stress to the cells and severely impaired cell growth of saffron cell suspension cultures [17,18].



In this study, we used SA 0.5 mM to investigate the putative correlation between the accumulation of crocin and other carotenoids, and the expression of key biosynthetic genes in saffron suspension-cultured cells, finding a correlation between apocarotenoid production and the expression of genes related to their biosynthesis.



SA is known to act as an elicitor of various metabolic pathways in plant cell cultures [27]. As expected, the addition of SA generally increased metabolite production in saffron suspension-cultured cells during a 48 h time course, although differences were observed. The content of β-carotene was significantly enhanced by SA after 24 h of treatment while zeaxanthin and crocin showed a moderate increase also at earlier times; such an increase became significantly relevant at 24 and 48 h. As for lutein, a slight enhancement effect by SA was onlyobserved early on. These differences could be explained by the carotenoid metabolic pathway, where β-carotene is a precursor of zeaxanthin and together precursors of crocin, while lutein is an end-product of the biosynthetic pathway, belonging to a different branch deriving from lycopene (Figure 1) [11].



To shed more light on the effects of SA on saffron carotenoid metabolism, we conducted a quantitative gene expression analysis of some carotenoid biosynthetic genes: phytoene synthase (PSY) as the first step of the carotenoid biosynthetic pathway, β-carotene hydroxylase (BCH) and carotenoid cleavage dioxygenase (CCD2).



It is known that biosynthesis of plant-specialized metabolites, such as isoprenoids, is transcriptionally regulated [28]. In Centella asiatica suspension cells, SA elicitation improved centelloside biosynthesis by gene regulation of the isoprenoid pathway [29]. In the juice sacs of Satsuma mandarin the elicitation of the carotenoid β-criptoxanthin was also regulated at the transcriptional level [30]. In C. sativus stigmas, the quantitative and qualitative profiles of carotenoids and apocarotenoids were studied, and the transcriptional regulation of a β-carotene hydroxylase and lycopene cyclase genes was involved in the observed changes [12,31,32]. Recently, an active transcription factor ULT1 was found to be induced by phytohormones such as SA and MeJA in the stigma part and its overexpression in saffron calli led to the increased expression of key genes CsPSY, CsPDS, CsBCH1, and CsCCD2 in crocin biosynthetic pathway [33]. In our in vitro system, the expression of CsBCH1 was moderately up-regulated after SA elicitation early at 90 min and 3 h, reaching the highest expression level after 24 h. These data suggest that SA, by increasing the expression of CsBCH1 gene, enhanced the availability of BCH enzyme, which is responsible for the conversion of β-carotene to zeaxanthin, pushing the pathway to the zeaxanthin biosynthesis towards crocin (Figure 1). This could give account of the observed zeaxanthin increase over the 48 h time-course. On the other hand, zeaxanthin is also a precursor of xanthin compounds leading to violaxanthin and neoxanthin biosynthesis. Analysis of both these metabolites was performed in saffron cell cultures, but neither violaxanthin nor neoxanthin were detected at any time point (data not shown). Interestingly, the expression of CsCCD2 gene also increased 24 h after elicitation compared to the control, and this increase was consistent with the increase of crocin metabolites at this time up to 48 h after elicitation. From these results, the metabolic pathway of carotenoids in saffron suspension cells appears to be more conducive to the production of crocin rather than to xanthin biosynthesis.



It is noteworthy that in our in vitro system it was possible to detect the expression of the gene CsCCD2 encoding for the CCD2 enzyme, which was supposed to be expressed in stigmas in correlation with crocin accumulation during stigma development [8,34]. This confirms that in vitro cell cultures have the capacity of biosynthesizing specialized metabolites such as terpenoids in adult differentiated tissues [35]. Divergent mechanisms mediate plant cell responses to elicitors such as SA, including secondary metabolites produced in cell cultures, and this can be considered as a promising process for enhancement of desired metabolites in plants as biofactories. It seems likely that exogenous SA uptake into the cells provoked a response through the stimulation of key enzymatic activities and the expression of genes involved in plant secondary metabolite biosynthetic pathways [15,16]. The generation of ROS [36] leading to the production of H2O2 [37,38], acting as a second messenger in SA signaling pathway resulted in the production of secondary metabolites in cell suspension cultures [39]. In the case of our saffron suspension-cultured cells, SA significantly enhanced the expression of CsBCH1 and CsCCD2 genes and this effect improved the carotenoid production in a time-dependent manner. Considering that the mechanism mediating plant cell response to elicitors is a complex process, a further study regarding the role of other possible factors involved in saffron cells in response to SA will help us to know which plays the most important role in crocin biosynthetic pathway.



In conclusion, the effects of salicylic acid on regulation of gene expression in the apocarotenoid pathway can be applied in biotechnological production of crocin by using in vitro saffron suspension cells. This issue can be taken into consideration also in the scaling-up process with the aim of crocin bioproduction.
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Figure 1. A diagram of carotenoid and apocarotenoid biosynthetic pathway in Crocus sativus. PSY, phytoene synthase; BCH, β-carotene hydroxylase; CCD2, carotenoid cleavage dioxygenase. 
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Figure 2. Time course of lutein and β-carotene contents in control (CTR) and salicylic acid (SA)-treated saffron cell suspension cultures. Common letter indicates no significant differences (p < 0.05). 
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Figure 3. Time course of zeaxanthin and crocin contents in control (CTR) and salicylic acid (SA)-treated saffron cell suspension cultures. Common letter indicates no significant differences (p < 0.05). 
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Figure 4. Gene expression of CsPSY, CsBCH1, and CsCCD2 after 0.5 mM salicylic acid treatment over a 30 m, 90 m, 3 h, and 24 h time course in saffron cell suspension cultures compared to untreated cell cultures (Ctr). 






Figure 4. Gene expression of CsPSY, CsBCH1, and CsCCD2 after 0.5 mM salicylic acid treatment over a 30 m, 90 m, 3 h, and 24 h time course in saffron cell suspension cultures compared to untreated cell cultures (Ctr).



[image: Horticulturae 08 01176 g004]







[image: Table] 





Table 1. Primer and probe sequences.






Table 1. Primer and probe sequences.





	
Gene

	
Accession Number

	
Primer

	
Sequence (5’------>3’)






	
Cs18s

	

	
Fw

	
GGCGCCAAGGAACACTTCT




	
AJ489273

	
Rv

	
CTCCCTATCGTGGGACAGACA




	

	
Probe

	
CGTCGCGGCCCTCTCCACCT




	
CsPSY

	

	
Fw

	
GGCCGCCCATATGACATG




	
AJ888514.1

	
Rv

	
AAGGGCTGAATGTCAACTGGAA




	

	
Probe

	
TCGATGCTGCCTTGTCTGATACCGTCTC




	
CsCCD2

	

	
Fw

	
TGAGTTGGGACCTAGAAGATATGGT




	
KJ541749.1

	
Rv

	
CCGTCATCCTCATCAGATTTGA




	

	
Probe

	
AGGCAATATTTGTGCCATGCCAACCTG




	
CsBCH1

	

	
Fw

	
CGACGTCTTCGCCATAATCAA




	
AJ416711.2

	
Rv

	
CTGTGGAAGAAGCCGAAGTTG




	

	
Probe

	
TCCCCGCCATCGCCCTCC




	
Cs(g)

BCH1

	
AJ416711.2

	
Fw

	
CCGACGTGCCCTACTTC




	

	

	
Rv

	
AATCCTCCTGCTCACCTC
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