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Hypericum perforatum (St John's wort) is a reservoir of diverse classes of biologically active and high value secondary metabolites, which captured the interest of both researchers and the pharmaceutical industry alike. Several studies and clinical trials have shown that H. perforatum extracts possess an astounding array of pharmacological properties. These properties include antidepressant, anti-inflammatory, antiviral, anti-cancer, and antibacterial activities; and are largely attributed to the naphtodianthrones and xanthones found in the genus. Hence, improving their production via genetic manipulation is an important strategy. In spite of the presence of contemporary genome editing tools, genetic improvement of this genus remains challenging without robust transformation methods in place. In the recent past, we found that H. perforatum remains recalcitrant to Agrobacterium tumefaciens mediated transformation partly due to the induction of plant defense responses coming into play. However, H. perforatum transformation is possible via a non-biological method, biolistic bombardment. Some research groups have observed the induction of hairy roots in H. perforatum after Agrobacterium rhizogenes co-cultivation. In this review, we aim at updating the available methods for regeneration and transformation of H. perforatum. In addition, we also propose a brief perspective on certain novel strategies to improve transformation efficiency in order to meet the demands of the pharmaceutical industry via metabolic engineering.
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INTRODUCTION

Hypericum perforatum is one of the most important and well-known species of the Hypericum genus, which has been appreciated by Greek herbalists for its medicinal value since the first century A.D. Several studies and clinical trials have shown that H. perforatum extracts possess an astounding array of pharmacological properties. The clinical efficacies of H. perforatum extracts in the therapy of mild to moderate depression have been confirmed in many studies (Lecrubier et al., 2002; Butterweck, 2003). Many other important pharmaceutical properties of H. perforatum including antiviral (Schinazi et al., 1990), anticancer (Agostinis et al., 2002), neuroprotective (Silva et al., 2004), antioxidant (Silva et al., 2005), and wound healing (Yadollah-Damavandi et al., 2015) activities have also been reported. Since treating humans and animals with H. perforatum extracts does not result in any serious adverse side effects (Trautmann-Sponsel and Dienel, 2004), use of this medicinal herb has increased dramatically during the past decade. Because of its well-established market position, popularity, and efficacy, H. perforatum is reputed as one of the best-selling herbs today. H. perforatum products are currently sold as dietary supplements, anti-depressive agents, relaxants, and mood enhancers in many countries.

H. perforatum cell and tissue cultures have been attempted with the main focus being to produce pharmaceutically important compounds under controlled conditions. However, large-scale production of secondary metabolites could not be achieved so far using in vitro cultures due to low performance and unreliable yield of the products. Although, significant improvements in product yields have been achieved through conventional biochemical approaches combined with the manipulation of culture process, the results are not reproducible. Plant metabolic pathway engineering would allow us to improve the production of major compounds in H. perforatum by overexpressing specific genes. However, metabolic engineering of this genus has so far not been attempted due to the lack of an efficient transformation method.

Plant transformation is an indispensable tool for crop improvement, plant functional genomics, genome editing, synthetic biology, etc. (Sainsbury and Lomonossoff, 2014; Xu et al., 2014; Hwang et al., 2015; Nester, 2015). Success of transformation in non-model plants is generally based on two important principles: (1) foreign genes could be introduced into a plant cell through various methods and its genetic makeup could be altered and (2) plant cells are totipotent, which means in principle that every cell contains all the genetic information necessary to regenerate into a complete plant under optimal conditions. Therefore, the efficiency of gene delivery into target cells and the ability to recover plants from those transformed cells are the two major factors critically contributing to the recovery of transgenic plants. In spite of the availability of excellent regeneration methods via organogenesis and somatic embryogenesis in H. perforatum, the recovery of transgenic plants remains challenging. Although Agrobacterium rhizogenes and biolistics mediated transformation of H. perforatum has been reported, these protocols could not meet the vast needs of functional genomic research. Agrobacterium tumefaciens mediated transformation is the most preferred method of gene transfer due to frequent single copy transgene integration into the plant genome and low incidence of transgene silencing. The advantages of simplicity, affordable costs, lower transgenic rearrangement, ability for long DNA segment transfer, and preferential integration of foreign genes into transcriptionally active regions make A. tumefaciens-mediated transformation an attractive method (Kumar et al., 2013). Although this method could be useful for metabolic engineering and functional genomic studies in H. perforatum, plant recalcitrance against A. tumefaciens mediated transformation is a major concern. In this article, we discuss the present status and future perspectives of genetic transformation of H. perforatum.

CELLULAR TOTIPOTENCY OF H. PERFORATUM

Cellular totipotency of H. perforatum has been demonstrated in several reports. Originally, in vitro regeneration of H. perforatum has been investigated as an option for multiplication of elite plants and production of valuable phytopharmaceuticals. In particular, the effect of plant growth regulator (PGR) combinations on secondary metabolite concentration has been intensively studied in cell and tissue culture. As a result, several methods of plant regeneration and micropropagation are available today.

Basically, in vitro plant regeneration of H. perforatum is relatively simple and quick. In vitro regeneration of H. perforatum has been achieved from several types of explants (Table 1), including whole seedlings (Cellarova et al., 1992), leaves (Pretto and Santarem, 2000; Pasqua et al., 2003; Franklin and Dias, 2006), nodal segments (Santarém and Astarita, 2003), root segments (Zobayed and Saxena, 2003; Franklin and Dias, 2006), hypocotyls (Murch et al., 2000; Franklin and Dias, 2006), stems (Zobayed and Saxena, 2003), shoot tips (Zobayed and Saxena, 2003), organogenic nodules derived from cell suspension culture (Franklin et al., 2007), and thin cell layers (Franklin and Dias, 2011). Root explants responded better than the shoot tip, leaf, hypocotyl, or stem explants in terms of thidiazuron-induced shoot organogenesis, whereas, the lowest number of regenerants was found in shoot tip explants (Zobayed and Saxena, 2003). Plants could be produced on medium augmented with various PGR combinations. Although the general requirement for shoot regeneration is a high cytokinin/auxin ratio in most species, H. perforatum showed efficient direct shoot regeneration on a low cytokinin/auxin ratio (Pasqua et al., 2003; Franklin and Dias, 2006). On the other hand, for callus mediated indirect shoot regeneration, H. perforatum needs a high cytokinin/auxin ratio. Interestingly, plants could be efficiently regenerated from root explants on basal medium (Franklin and Dias, 2006) and on medium supplemented with IAA (Goel et al., 2008).

Table 1. In vitro plant regeneration of H. perforatum.
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Most of the regeneration studies are restricted to a single genotype (Murch et al., 2000; Pretto and Santarem, 2000; Zobayed and Saxena, 2003; Zobayed et al., 2004). We have established a genotype-independent plant regeneration protocol and elucidated the specific pathway of plant regeneration in H. perforatum (Franklin and Dias, 2006). There was no significant difference in the percentage of regeneration and number of shoots/explants between the tested genotypes indicating regeneration in H. perforatum is genotype independent. On the other hand, the explant type (hypocotyl, leaf, or root) had a significant effect on the regeneration of shoots (Franklin and Dias, 2006). Similar variation in the regeneration frequency of shoots based on explant types on the same thidiazuron concentration was also reported previously in H. perforatum (Zobayed and Saxena, 2003). Hence, from the results reported in the literature, H. perforatum regeneration response is clearly a PGR-driven explant-dependent phenomenon.

Age of the explant source also affected the regeneration potential of leaf, hypocotyl, and petal explants (Franklin and Dias, 2006; Goel et al., 2008). In contrast, age did not affect the morphogenetic potential of root segment explants (Franklin and Dias, 2006). Age-independent regeneration of root segments might be due to the high metabolic activity and faster cell division of roots due to continuous meristematic activity nearer to the root tip. Orientation of leaf explants on the medium also had a distinct effect on regeneration. While leaves with their adaxial side touching the medium exhibited high frequencies of regeneration, leaves with the opposite surface contacting the medium failed to show any response.

Generally, there are two important pathways leading to regeneration of a new plant from cultured explants, organogenesis, and somatic embryogenesis (Figure 1). A process in which an organ (e.g., shoot or root) is initiated and developed is known as organogenesis. On the other hand, the process of formation of an embryo, which is developed from somatic cells, is called somatic embryogenesis. While the emergence of a unipolar primordium or a bipolar embryo are the typical characteristics of organogenesis and somatic embryogenesis, respectively. During the above processes, if de-differentiation (callus formation) is involved, they are termed indirect regeneration.
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FIGURE 1. Regeneration pathways leading to the regeneration of H. perforatum as revealed from our previous report (Franklin and Dias, 2006).



In H. perforatum regeneration has been demonstrated via both embryogenesis and organogenesis in the same culture (Franklin and Dias, 2006). In this study, meristematic cells formed from the sub-epidermal layer developed into two functionally different globular structures simultaneously. The globular structures, which were attached to the explant developed into shoots, while the others detached from the explant underwent embryogenesis. Embryogenesis progressed from the globular embryos to the cotyledon stage via heart-shaped and torpedo-stage embryos. Cotyledonary embryos did not develop into plants as they failed to establish root systems. It should be noted that indirect regeneration is better suited for generating transgenic plants than direct regeneration, as the selection of transgenic callus is usually straightforward and allows efficient enrichment of transformed tissue before regeneration.

DNA DELIVERY INTO H. PERFORATUM PLANT CELLS

Agrobacterium Mediated Transformation

A. tumefaciens-mediated transformation is the most efficient and commonly used technique in plant genetic engineering. On the other hand, hairy root cultures established by A. rhizogenes-mediated transformation often sustain stable productivity in hormone-free culture conditions resulting in large amounts of secondary metabolites accumulating (Oksman-Caldentey and Sévon, 2002).

Agrobacterium is called the “natural genetic engineer” because of its natural capacity to infect plants and introduce a piece of DNA (T-DNA) from its tumor inducing (Ti) or root inducing (Ri) plasmid into plant cells via a process known as “T-DNA transfer.” Once inside the plant cell, the T-DNA (transferred DNA) is transported into the nucleus where it stably integrates into the plant genome. T-DNA encodes genes for the synthesis of auxin, cytokinin, and opine. Hence, T-DNA integration into the host genome results in an imbalance of host cell auxin–cytokinin ratios, which leads to uncontrolled cell division and the development of crown galls or hairy roots and opine synthesis. Opines are used as the main food resource by Agrobacterium. With neither the T-DNA able to be transcribed in Agrobacterium nor opines metabolized by plants the T-DNA transfer process is a molecular niche for Agrobacterium's survival. This natural process is evidenced in several plant species (e.g., rose, grape, stone fruit, pome, tomato) and considered as a disease. This disease causing T-DNA transfer process has been exploited as a tool to introduce genes into plants. Today, A. tumefaciens-mediated transformation is the preferred method for functional genomics because of its simplicity and frequent single copy transgene integration into the host genome.

Although A. tumefaciens mediated H. perforatum transformation has not yet been reported, induction of hairy roots after co-cultivation with A. rhizogenes has been reported (Table 2). Although strains ATCC 15834 and A4 strains could produce hairy roots, A. rhizogenes strain K599 did not induce hairy root formation (Santarem et al., 2008). On the other hand, A. rhizogenes strain like A4, LBA9402, could not induce hairy roots in H. perforatum cv. Helos (Franklin et al., 2007). The seemingly contradictory results between groups clearly emphasize the complexity of A. rhizogenes mediated transformation of H. perforatum.

Table 2. A. rhizogenes mediated transformation of H. perforatum.
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Hairy root cultures could be established from H. perforatum epicotyls co-cultivated with A. rhizogenes strain A4 containing GUS (β-glucuronidase) gene inserted into the Ri plasmid pRiA4 (Vinterhalter et al., 2006). These hairy roots exhibited high potential for spontaneous regeneration into whole transgenic plants. The presence of GUS gene in the hairy root and shoot cultures was determined by PCR analysis. Recently, this group studied the effect of sucrose concentration on shoot regeneration potential of H. perforatum hairy roots clones obtained from their previous study (Vinterhalter et al., 2006) and found that up to 2% sucrose promoted intense shoot regeneration (Vinterhalter et al., 2015).

Co-cultivation of root segments with A. rhizogenes strain A4 resulted in hairy root production of H. perforatum (Tusevski et al., 2013b, 2014). Transgenic nature of the hairy root cultures was demonstrated by PCR amplification of rolB gene in DNA isolated from the roots. These authors have also found several important secondary metabolites (phenolic acids, flavonol glycosides, flavonoid aglycones, flavan-3-ols, and xanthones) in hairy roots of H. perforatum (Tusevski et al., 2013b, 2014). This group has also compared the production of phenolic compounds between dark-grown hairy root cultures and those grown with a 16 h photoperiod, which revealed marked differences in phenolic acids, flavonols, flavan-3-ols, and xanthones between those cultures (Tusevski et al., 2013a). Similarly, hairy root clones with elevated levels of hyperoside, chlorogenic acid, and hypericin were obtained from leaf and root fragments co-cultivated with A. rhizogenes strain ATCC 15834 (Bertoli et al., 2008). Futhermore, hypericin was found at elevated levels in adventitious shoots of H. perforatum after co-cultivation with A. rhizogenes strain K599, despite the co-cultivation not resulting in hairy root formation (Santarem et al., 2008, 2010). Similarly, co-cultivation with A. tumefaciens and A. rhizogenes enhanced secondary metabolite production in H. perforatum cell suspension culture (Tusevski et al., 2015).

H. perforatum Recalcitrance to Agrobacterium Infection

Neither A. rhizogenes (LBA99402 and A4) nor A. tumefaciens (LBA4404 and EHA105) could infect H. perforatum tissues in our studies. Various explants (leaf blade, petiole, stem, and root segments) were co-cultivated with A. tumefaciens and A. rhizogenes carrying a binary vector pCAMBIA1301 which carries the HPT (hygromycin phosphotransferase) gene as the selection marker and GUS interrupted with a eukaryotic intron (GUS-INT) as the reporter gene. The presence of an intron in the GUS gene permits gene expression only in eukaryotic cells such as plant cells. When assayed for transient GUS gene expression, none of the explants showed blue foci (Franklin et al., 2007). This was irrespective of vir gene induction or addition of an antioxidant (butylated hydroxytoluene, BHT), thiol compounds (cysteine), or ethylene inhibitors (AgNO3 and aminoethoxyvinylglycine) to the co-cultivation medium. We presumed that antimicrobial secondary metabolites might be the reason for the inability of Agrobacterium to infect these explants.

In order to avoid antimicrobial compounds such as hypericins in the explants, we used organogenic nodule explants derived from cell suspension culture that lack hypericin glands (Franklin et al., 2007). Upon co-cultivation with A. tumefaciens or A. rhizogenes, these explants started to become brown within one day and subsequently become necrotic within 10 days. They did not show any transient GUS expression or callus formation when grown on selection medium containing antibiotic. On the other hand, under non-selective conditions, all the explants co-cultivated with A. tumefaciens and A. rhizogenes regained their normal growth within 5 days and produced calluses comparable to the control explants. In spite of the browning occurring after Agrobacterium co-cultivation, genomic DNA isolated from the explants did not show any fragmentation indicating that the incompatibility of Agrobacterium-mediated transformation in H. perforatum is not due to necrosis induced by programmed cell death as reported in maize (Hansen, 2000).

When the co-cultivation medium was augmented with BHT, two explants co-cultivated with A. tumefaciens strain EHA105 and one explant co-cultivated with A. tumefaciens strain LBA4404 showed blue foci in the GUS assay. Whereas, explants co-cultivated in the presence of other antioxidants and ethylene inhibitors as well as the shoots obtained from the calluses maintained in non-selective medium after co-cultivation did not show GUS gene expression. Even though the calluses obtained under non-selective conditions regenerated shoots as the control, none of them were transgenic. A number of plant species previously considered recalcitrant to A. tumefaciens became transformable upon supplementing antioxidants (Das et al., 2002; Frame et al., 2002) and ethylene inhibitors (Han et al., 2005; Petri et al., 2005; Seong et al., 2005) in the co-cultivation medium. This is mainly because of the fact that these scavengers could suppress the oxidative burst or ethylene production during plant–Agrobacterium interactions. However, in our case the tested antioxidants and ethylene inhibitors added to the co-cultivation medium neither prevented tissue browning nor favored transformation.

H. perforatum Plant Defense Response against Agrobacterium

The mechanism of H. perforatum recalcitrance against Agrobacterium infection was studied using cell suspension cultures (Franklin et al., 2008, 2009a). Briefly, H. perforatum cell suspension culture was challenged with A. tumefaciens strain EHA105 and A. rhizogenes strain A4 both containing plasmid pCAMBIA1301. After different post inoculation periods (0, 6, 12, and 24 h), both the plant cells and bacteria were analyzed. A typical biphasic ROS (reactive oxygen species) burst followed by darkening of H. perforatum cells was observed. In spite of ROS production H. perforatum cells did not undergo an obvious apoptotic process, while both A. tumefaciens and A. rhizogenes reached 99% mortality within 12 h of co-cultivation (Franklin et al., 2008). On the other hand, A. tumefaciens co-cultivation with tobacco BY2 cells under the same conditions lead to successful T-DNA transfer.

In addition to ROS production, genes encoding important enzymes of the phenylpropanoid pathway such as phenylalanine ammonia lyase (PAL), 4-coumarate:CoA ligase (4CL), and benzophenone synthase (BPS) were upregulated which would eventually lead to alteration of the profile of secondary metabolites. Analysis of the soluble phenolic fraction revealed an enormous increase in xanthone concentration and the emergence of many xanthones in H. perforatum cells after Agrobacterium co-cultivation was observed, while flavonoid content remained unaffected (Franklin et al., 2009a). Recently, we studied changes in H. perforatum cell wall fractions and cell wall bound phenolic compounds in response to A. tumefaciens elicitation (Singh et al., 2014). This study revealed that lignin content was significantly increased in H. perforatum cell walls after A. tumefaciens elicitation (0.085–0.24 mg/mg dry weight cell wall) implying that H. perforatum reinforced its cell wall as a protective measure against A. tumefaciens infection. Similarly, flavonoid (e.g., quercetin, quercetrin etc.) content was also significantly higher in the cell walls of elicited cells compared to controls. Hence, in addition to PAL, 4CL, and BPS (Franklin et al., 2009a), chalcone synthase (CHS) is also upregulated after elicitation (Singh et al., 2014). While those xanthones produced in response to A. tumefaciens elicitation were incorporated into the soluble phenolic fraction, flavonoids were actually incorporated into the cell wall. This swift change in the secondary metabolites increased the cellular antioxidant and antimicrobial competence compared to the control cells revealing that this change plays a dual role in the plant cells; as antioxidants to protect the cells from oxidative damage and as phytoalexins to impair the pathogen growth upon Agrobacterium interaction.

Thus, we provided the first evidence for a typical oxidative burst combined with the upregulation of phenylpropanoid pathway genes in response to Agrobacterium co-cultivation, which could prevent T-DNA transfer. Recently, upregulation of a pathogenesis related 10 (PR10) gene (Sliwiak et al., 2015) in H. perforatum upon A. tumefaciens co-cultivation has been reported (Kosuth et al., 2013). Based on the above observations, we believe that recalcitrant plants could mobilize their antioxidant, antimicrobial and PR defense machinery against Agrobacterium (Figure 2).
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FIGURE 2. A model summarizing plant defense activation in H. perforatum upon its interaction with Agrobacterium.



Considering all the studies conducted so far in our laboratory and by others, the emerging depiction is that in both compatible and incompatible plant-Agrobacterium interactions, an initial defense response is induced. In the case of compatible interactions, despite the initial transient activation of basal host defense, the subsequent transfer of virulence factors might lead to the suppression of plant defense, resulting in successful transformation as observed in tobacco (Veena et al., 2003; Franklin et al., 2008). By contrast, in incompatible interactions the initially evoked plant defense response is long lasting (and successful), therefore, affecting the bacterium and preventing T-DNA transfer into plant cells, as observed in H. perforatum (Franklin et al., 2008), making these plants recalcitrant to Agrobacterium-mediated transformation.

Biolistic-Mediated Transformation of H. perforatum

Biolistic technology (particle bombardment) is a useful technique used in the genetic manipulation of many crop improvement programs. In this method, the vector carrying the gene of interest is coated on metal particles and bombarded on target tissues with a high force/pressure by a biolistic device or gene gun (Kikkert et al., 2005). The biolistic method not only allows the expression of multiple transgenes in the target tissue, which can be achieved by fusion of genes within the same plasmid that is then bombarded into the target tissues, but also serves as an alternative method to achieve transient or stable transformation in Agrobacterium resistant plant species. In recent years, gene expression cassettes have been successfully transferred into many recalcitrant plant species (Guirimand et al., 2009; Liu et al., 2014; Sparks and Jones, 2014; Carqueijeiro et al., 2015; Zhang et al., 2015). The use of bombardment has made it easy to transfer large DNA fragments into the plant genome, though DNA integrity is a concern (Barampuram and Zhang, 2011).

With the biolistic technology, DNA-coated microparticles (gold or platinum) are accelerated directly into intact tissues by a physical process, thus avoiding the negative influence of A. tumefaciens components (elicitors), and genes can be delivered literally into any cell type. Upon reaching the nucleus, the DNA may be integrated, randomly, into the host genome. Since H. perforatum remains highly recalcitrant to A. tumefaciens-mediated genetic transformation (Franklin et al., 2007, 2008), we have used biolistic bombardment to transform this species (Figure 3). In this work, organogenic nodule explants obtained from cell suspension culture were used as the target materials. The PDS-1000/He particle delivery system (Bio-Rad) was employed to introduce the HPT and GUS genes from the binary vector pCAMBIA1301 into H. perforatum tissue. After the selection of bombarded explants, hygromycin-resistant transgenic callus cultures and subsequently GUS positive plants were obtained. Molecular biology methods such as PCR and Southern blot analysis were used to analyze the transgenic nature of resulting plants. The results demonstrated for the first time that H. perforatum could be transformed and transgenic plants could be produced via biolistic bombardment of novel organogenic cell suspension cultures.
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FIGURE 3. Scheme showing biolistic bombardment-mediated transformation of H. perforatum based on the results reported previously (Franklin et al., 2007, 2009b).



Genotype, physiological age, type of explant, culture period prior to and after gene transfer, culture medium composition, and osmotic pre-treatment were the key parameters affecting efficiency of particle bombardment-mediated transformation. Concerning the biolistic device, the acceleration pressure, the distance between rupture disc, macrocarrier, stopping screen, and target plate, the vacuum pressure in the bombardment chamber, number of bombardments as well as size and density of micro-particles, DNA-micro-particle mixing protocols, and physical configuration of transforming DNA all affected transformation efficiency.

FUTURE PERSPECTIVES AND STRATEGIES FOR H. PERFORATUM TRANSFORMATION

Improving the content of existing bioactive compounds (hypericin, hyperforin, xanthones, etc.) and the production of novel variants are the major targets of H. perforatum genetic engineering. Although overexpression of genes involved in the rate limiting biosynthetic steps would allow us to achieve the above goals, pathway engineering in this species is still in its infancy mainly due to the lack of genetic information about these biosynthetic pathways and due to the absence of an efficient transformation method. For instance, although hypericin was identified centuries ago, its biosynthetic pathway is not yet understood. Studies on the genes involved in hypericin biosynthesis have begun only recently and a systematic analysis of genes involved in hypericin biosynthesis has not yet been reported. A decade ago, hypericin biosynthesis was presumed to occur through the polyketide pathway in which type-III polyketide synthases act as key enzymes (Bais et al., 2003). Although a gene termed hyp1 was cloned from red suspension cells and claimed to be involved in the final steps of hypericin biosynthesis (Bais et al., 2003) recent studies contradict its involvement (Karppinen et al., 2008, 2010; Kosuth et al., 2011). The expression pattern of this gene does not correlate with hypericin production, as this gene is constitutively expressed in tissues (roots) and Hypericum species that do not produce hypericin (Kosuth et al., 2007). A recent study reported that hyp1 expression is not a limiting factor of hypericin biosynthesis in species that generally produce hypericin (Kosuth et al., 2011). Recently, de novo sequencing of H. perforatum transcriptomes generated a huge amount of genic data (He et al., 2012; Galla et al., 2015; Soták et al., 2016). In addition, taking advantage of the strong correlation between the presence of dark glands and hypericin accumulation, we performed subtraction between cDNAs of tissues with and without hypericin glands to construct a hypericin gland-specific cDNA library (Singh et al., 2016).

Generally, gene functions can be predicted via both forward and reverse genetic approaches. H. perforatum possess a polyploid (tetraploid or hexaploid) genome in which genes are usually represented by two or three homoeologous copies with high sequence similarity. Since the effect of single-gene knockouts can generally be nullified by the functional redundancy of homoeologous genes present in the other genomes, forward genetic approaches such as mutagenesis would be inefficient. In plants with polyploid genomes, RNA interference (RNAi) is a valuable technique in which multiple homoeologs can be simultaneously down regulated. RNAi is a double-stranded RNA (dsRNA) induced gene-silencing phenomenon, conserved among various organisms, including animals and plants. RNAi technology has potential to block the activity of enzymes that are not only encoded by a multigene family but are also expressed across a number of tissues and developmental stages. This technology has been successfully used in the dissection of secondary metabolic pathways (Lin et al., 2015). Alternatively, short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas9) system can be used to knockdown gene function (Xing et al., 2014). This system employs an RNA-guided nuclease, Cas9, to induce double-strand breaks. The Cas9-mediated breaks are repaired by cellular DNA repair mechanisms and mediate gene/genome modifications. Although employing the above techniques in H. perforatum would be useful to understand gene functions, the RNAi and CRISPR-Cas cassettes need to be introduced into H. perforatum genome, which necessitates a robust genetic transformation method. Another powerful reverse genetics approach, which combines chemical mutagenesis with a high-throughput screen for mutations, known as TILLING (Targeting Induced Local Lesions in Genomes) does not require genetic transformation. Although polyploids are well-suited for TILLING due to their tolerance to high mutation densities, this approach is time consuming, laborious and complicated in H. perforatum as seed formation in this species proved to be highly polymorphic (Matzk et al., 2001).

Although heterologous expression of secondary metabolic pathway genes has led to the successful production of many secondary metabolites in microbial systems, heterologous expression of Hypericum-specific pathways (e.g., hypericin biosynthesis) is currently limited by the lack of cloned genes encoding enzymes involved in the pathways of interest. Moreover, due to the potential toxicity of these compounds to plant tissues, they are accumulated in specialized dark glands. Hence, analyzing the functions of genes related to hypericin synthesis will only be possible in a system, which contain these glands.

Because of the above reasons, establishing an efficient A. tumefaciens mediated transformation protocol is unavoidable in order to promote H. perforatum functional genomics and metabolic engineering.

Activation of plant defense is considered as a prevailing cause of plant recalcitrance against Agrobacterium infection (Franklin et al., 2008; Pitzschke, 2013). Hence, to achieve optimum gene delivery into H. perforatum cells via Agrobacterium, either suppressing or avoiding the elicitation of defense responses is essential.

A. tumefaciens–H. perforatum interaction results in the production of ROS. The consequences of the oxidative burst in plant defense responses could be suppressed by the addition of antioxidants such as ascorbic acid, cysteine, citric acid, polyvinylpolypyrrolidone (PVPP), polyvinylpyrrolidone (PVP), dithiothreitol (DTT), BHT, tocopherol, etc. However, it should be recalled that use of these compounds individually did not help in H. perforatum transformation in our previous attempts (Franklin et al., 2007). Nevertheless, application of a mixture of antioxidants could be useful, as it has been shown to improve the efficiency of Agrobacterium-mediated transformation in a number of other recalcitrant plant species (Dan, 2008; Dan et al., 2010, 2015). It is also important to understand the signaling events that trigger H. perforatum defense activation upon Agrobacterium interaction. Plant signaling pathways related to systemic resistance and secondary metabolism are involved in the successful activation of defense responses against A. tumefaciens (Yuan et al., 2007; Franklin et al., 2008). It should be noted that the involvement of salicylic acid (SA) in shutting down the expression of A. tumefaciens vir regulon and thereby directly impairing the infection process has been demonstrated (Yuan et al., 2007; Anand et al., 2008). Therefore, inhibiting the signaling pathways such as SA, methyl jasmonate (MeJ), jasmonic acid (JA), nitric oxide (NO), and the phenylpropanoid pathway using inhibitors [paclobutrazol,2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), 2-aminoindan-2-phosphonic acid (AIP), or diethydithiocarbamate] would be able to improve the transformation rate.

In addition to the above plant defense suppressing strategies, plant defense response against A. tumefaciens could be bypassed by applying the following principles. Although H. perforatum remains recalcitrant to Agrobacterium mediated transformation (Franklin et al., 2007, 2008), we could successfully transform this plant and obtain transgenic plants via particle-bombardment-mediated transformation (Franklin et al., 2007, 2009b) suggesting that H. perforatum recalcitrance toward A. tumefaciens mediated transformation is conferred by the bacterial components. In spite of the presence of well-characterized pathogen-associated molecular patterns (PAMPs) in A. tumefaciens such as flagellin and EF-Tu, it is also known that not all plants respond to all elicitors (Felix and Boller, 2003; Kunze et al., 2004). Hence, it is crucial to identify the specific A. tumefaciens elicitors/PAMPs that are recognized by H. perforatum to activate its defense machinery, since A. tumefaciens devoid of elicitor function would be able to transform H. perforatum efficiently. However, it may not be possible to obtain elicitor mutants, if this mutation is lethal.

The plant cell wall plays a crucial role in sensing signals (e.g., wall associated receptor kinases), establishing basal host defense, and serves as a major site of defense activation (Yeom et al., 2012). Presence of plant cell walls can be avoided by using protoplast transformation. Efficient isolation of viable protoplasts from H. perforatum and subsequent regeneration is possible (Pan et al., 2004). Taking advantage of the intimate lateral contact of A. tumefaciens with plant protoplasts via multiple virulent type IV secretion systems (Aguilar et al., 2011), A. tumefaciens-mediated T-DNA transfer can be performed (Wang et al., 2005). However, it is possible that protoplasts can produce ROS and soluble phenolics during the maceration process and in response to A. tumefaciens. Hence, the chemical inhibitors of the defense pathways and ROS scavengers can be used here, if required. Therefore, it may be possible to transform isolated protoplasts with A. tumefaciens at high efficiency. In addition, making use of the fluid-mosaic characteristics of protoplasts, naked DNA uptake methods such as polyethylene glycol (PEG) transfection and electroporation can be achieved (Hassanein et al., 2009), where both the plant cell walls as well as bacterial components are excluded.

Besides the above strategies, virus mediated transformation may be also employed. Viruses infecting H. perforatum (Kegler et al., 1999) and H. japonicum (Du et al., 2013) have been identified and characterized. Furthermore, nanoparticle mediated DNA delivery into plant cells is gaining momentum (Rai et al., 2015), which would also offer potential benefits in the genetic transformation of H. perforatum in the future.

Progress in the areas of H. perforatum–Agrobacterium interaction such as understanding the molecular mechanisms of Agrobacterium recognition and defense activation together with the novel strategies discussed here will allow us fully exploit and maximize the potential of this tremendously useful source of biotherapeutics.

AUTHOR CONTRIBUTIONS

GF conceived the idea of this review, designed the overall concept, and participated in the writing. WH and PS participated in the writing of the article and design tables and figures. All the authors approved the final version.

ACKNOWLEDGMENTS

GF and PS are financed from the BIOTALENT project (GA621321) funded by the European Union Seventh Framework Programme (FP7) ERA Chairs Pilot Call and co-financed by funds allocated for education through project no W26/7.PR/2015 [GA 3413/7.PR/2015/2] for the years 2015-2019. This work was partially supported by Fundação para a Ciência e a Tecnologia (FCT) project (PTDC/AGR-GPL/119211/2010). WH acknowledges the financial support provided by the FCT (SFRH/BD/52561/2014), under the Doctoral Programme “Agricultural Production Chains—from fork to farm” (PD/00122/2012).

REFERENCES

 Agostinis, P., Vantieghem, A., Merlevede, W., and De Witte, P. A. (2002). Hypericin in cancer treatment: more light on the way. Int. J. Biochem. Cell Biol. 34, 221–241. doi: 10.1016/S1357-2725(01)00126-1

 Aguilar, J., Cameron, T. A., Zupan, J., and Zambryski, P. (2011). Membrane and core periplasmic Agrobacterium tumefaciens virulence type IV secretion system components localize to multiple sites around the bacterial perimeter during lateral attachment to plant cells. MBio 2, e00218–e00211. doi: 10.1128/mBio.00218-11

 Anand, A., Uppalapati, S. R., Ryu, C. M., Allen, S. N., Kang, L., Tang, Y. H., et al. (2008). Salicylic acid and systemic acquired resistance play a role in attenuating crown gall disease caused by Agrobacterium tumefaciens. Plant Physiol. 146, 703–715. doi: 10.1104/pp.107.111302

 Ayan, A. K., Çirak, C., Kevseroğlu, K., and Sökmen, A. (2005). Effects of explant types and different concentrations of sucrose and phytoharmones on plant regeneration and hypericin content in Hypericum perforatum L. Turkish J. Agric. Forestry 29, 197–204.

 Bais, H. P., Vepachedu, R., Lawrence, C. B., Stermitz, F. R., and Vivanco, J. M. (2003). Molecular and biochemical characterization of an enzyme responsible for the formation of hypericin in St. John's Wort (Hypericum perforatum L.). J. Biol. Chem. 278, 32413–32422. doi: 10.1074/jbc.M301681200

 Barampuram, S., and Zhang, Z. J. (2011). Recent advances in plant transformation. Methods Mol. Biol. 701, 1–35. doi: 10.1007/978-1-61737-957-4_1

 Bertoli, A., Giovannini, A., Ruffoni, B., Guardo, A. D., Spinelli, G., Mazzetti, M., et al. (2008). Bioactive constituent production in St. John's wort in vitro hairy roots. Regenerated plant lines. J. Agric. Food Chem. 56, 5078–5082. doi: 10.1021/jf0729107

 Butterweck, V. (2003). Mechanism of action of St John's wort in depression - what is known? CNS Drugs 17, 539–562. doi: 10.2165/00023210-200317080-00001

 Carqueijeiro, I., Masini, E., Foureau, E., Sepulveda, L. J., Marais, E., Lanoue, A., et al. (2015). Virus-induced gene silencing in Catharanthus roseus by biolistic inoculation of tobacco rattle virus vectors. Plant Biol. (Stuttg) 17, 1242–1246. doi: 10.1111/plb.12380

 Cellarova, E., Kimakova, K., and Brutovska, R. (1992). Multiple shoot formation and phenotypic changes of R0 regenerants in Hypericum perforatum L. Acta Biotechnol. 12, 445–452. doi: 10.1002/abio.370120602

 Dan, Y. (2008). Biological functions of antioxidants in plant transformation. In Vitro Cell. Dev. Biol. Plant 44, 149–161. doi: 10.1007/s11627-008-9110-9

 Dan, Y., Baxter, A., Zhang, S., Pantazis, C. J., and Veilleux, R. E. (2010). Development of efficient plant regeneration and transformation system for impatiens using Agrobacterium tumefaciens and multiple bud cultures as explants. BMC Plant Biol. 10:165. doi: 10.1186/1471-2229-10-165

 Dan, Y., Zhang, S., Zhong, H., Yi, H., and Sainz, M. B. (2015). Novel compounds that enhance Agrobacterium-mediated plant transformation by mitigating oxidative stress. Plant Cell Rep. 34, 291–309. doi: 10.1007/s00299-014-1707-3

 Das, D. K., Reddy, M. K., Upadhyaya, K. C., and Sopory, S. K. (2002). An efficient leaf-disc culture method for the regeneration via somatic embryogenesis and transformation of grape (Vitis vinifera L.). Plant Cell Rep. 20, 999–1005. doi: 10.1007/s00299-002-0441-4

 Di Guardo, A., Cellarova, E., Koperdáková, J., Pistelli, L., Ruffoni, B., Allavena, A., et al. (2003). Hairy root induction and plant regeneration in Hypericum perforatum L. J. Genet. Breed. 57, 269–278.

 Du, Z., Tang, Y., Zhang, S., She, X., Lan, G., Varsani, A., et al. (2013). Identification and molecular characterization of a single-stranded circular DNA virus with similarities to Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1. Arch. Virol. 159, 1527–1531. doi: 10.1007/s00705-013-1890-5

 Felix, G., and Boller, T. (2003). Molecular sensing of bacteria in plants - the highly conserved RNA-binding motif RNP-1 of bacterial cold shock proteins is recognized as an elicitor signal in tobacco. J. Biol. Chem. 278, 6201–6208. doi: 10.1074/jbc.M209880200

 Frame, B. R., Shou, H. X., Chikwamba, R. K., Zhang, Z. Y., Xiang, C. B., Fonger, T. M., et al. (2002). Agrobacterium tumefaciens-mediated transformation of maize embryos using a standard binary vector system. Plant Physiol. 129, 13–22. doi: 10.1104/pp.000653

 Franklin, G., Conceição, L. F. R., Kombrink, E., and Dias, A. C. P. (2008). Hypericum perforatum plant cells reduce Agrobacterium viability during co-cultivation. Planta 227, 1401–1408. doi: 10.1007/s00425-008-0691-7

 Franklin, G., Conceição, L. F. R., Kombrink, E., and Dias, A. C. P. (2009a). Xanthone biosynthesis in Hypericum perforatum cells provides antioxidant and antimicrobial protection upon biotic stress. Phytochemistry 70, 60–68. doi: 10.1016/j.phytochem.2008.10.016

 Franklin, G., and Dias, A. C. P. (2006). Organogenesis and embryogenesis in several Hypericum perforatum genotypes. In Vitro Cell. Dev. Biol. Plant 42, 324–330. doi: 10.1079/IVP2006787

 Franklin, G., and Dias, A. C. P. (2011). Chlorogenic acid participates in the regulation of shoot, root and root hair development in Hypericum perforatum. Plant Physiol. Biochem. 49, 835–842. doi: 10.1016/j.plaphy.2011.05.009

 Franklin, G., Oliveira, M., and Dias, A. C. P. (2007). Production of transgenic Hypericum perforatum plants via particle bombardment-mediated transformation of novel organogenic cell suspension cultures. Plant Sci. 172, 1193–1203. doi: 10.1016/j.plantsci.2007.02.017

 Franklin, G., Oliveira, M. M., and Dias, A. C. (2009b). Transgenic Hypericum perforatum. Methods Mol. Biol. 547, 217–234. doi: 10.1007/978-1-60327-287-2_18

 Galla, G., Vogel, H., Sharbel, T. F., and Barcaccia, G. (2015). De novo sequencing of the Hypericum perforatum L. flower transcriptome to identify potential genes that are related to plant reproduction sensu lato. BMC Genomics 16:254. doi: 10.1186/s12864-015-1439-y

 Goel, M. K., Kukreja, A. K., and Bisht, N. S. (2008). In vitro manipulations in St. John's wort (Hypericum perforatum L.) for incessant and scale up micropropagation using adventitious roots in liquid medium and assessment of clonal fidelity using RAPD analysis. Plant Cell Tissue Organ Cult. 96, 1–9. doi: 10.1007/s11240-008-9453-2

 Guirimand, G., Burlat, V., Oudin, A., Lanoue, A., St-Pierre, B., and Courdavault, V. (2009). Optimization of the transient transformation of Catharanthus roseus cells by particle bombardment and its application to the subcellular localization of hydroxymethylbutenyl 4-diphosphate synthase and geraniol 10-hydroxylase. Plant Cell Rep. 28, 1215–1234. doi: 10.1007/s00299-009-0722-2

 Han, J. S., Kim, C. K., Park, S. H., Hirschi, K. D., and Mok, I. (2005). Agrobacterium-mediated transformation of bottle gourd (Lagenaria siceraria Standl.). Plant Cell Rep. 23, 692–698. doi: 10.1007/s00299-004-0874-z

 Hansen, G. (2000). Evidence for Agrobacterium-induced apoptosis in maize cells. Mol. Plant Microbe Interact. 13, 649–657. doi: 10.1094/MPMI.2000.13.6.649

 Hassanein, A., Hamama, L., Loridon, K., and Dorion, N. (2009). Direct gene transfer study and transgenic plant regeneration after electroporation into mesophyll protoplasts of Pelargonium x hortorum, ‘Panache Sud’. Plant Cell Rep. 28, 1521–1530. doi: 10.1007/s00299-009-0751-x

 He, M., Wang, Y., Hua, W., Zhang, Y., and Wang, Z. (2012). De novo sequencing of Hypericum perforatum transcriptome to identify potential genes involved in the biosynthesis of active metabolites. PLoS ONE 7:e42081. doi: 10.1371/journal.pone.0042081

 Hwang, H. H., Galvin, S. B., and Lai, E. M. (2015). Editorial: “Agrobacterium biology and its application to transgenic plant production.” Front. Plant Sci. 6:265. doi: 10.3389/fpls.2015.00265

 Karppinen, K., Hokkanen, J., Mattila, S., Neubauer, P., and Hohtola, A. (2008). Octaketide-producing type III polyketide synthase from Hypericum perforatum is expressed in dark glands accumulating hypericins. FEBS J. 275, 4329–4342. doi: 10.1111/j.1742-4658.2008.06576.x

 Karppinen, K., Taulavuori, E., and Hohtola, A. (2010). Optimization of protein extraction from Hypericum perforatum tissues and immunoblotting detection of Hyp-1 at different stages of leaf development. Mol. Biotechnol. 46, 219–226. doi: 10.1007/s12033-010-9299-9

 Kegler, H., Fuchs, E., Plescher, A., Ehrig, F., Schliephake, E., and Grüntzig, M. (1999). Evidence and characterization of a virus of St John's Wort (Hypericum perforatum L.). Arch. Phytopathol. Plant Prot. 32, 205–221. doi: 10.1080/03235409909383290

 Kikkert, J. R., Vidal, J. R., and Reisch, B. I. (2005). Application of the biolistic method for grapevine genetic transformation. Acta Hortic. 689, 459–462. doi: 10.17660/ActaHortic.2005.689.54

 Kosuth, J., Hrehorova, D., Jaskolski, M., and Cellarova, E. (2013). Stress-induced expression and structure of the putative gene hyp-1 for hypericin biosynthesis. Plant Cell Tissue Organ Cult. 114, 207–216. doi: 10.1007/s11240-013-0316-0

 Kosuth, J., Katkovčinová, Z., Olexová, P., and Čellárová, E. (2007). Expression of the hyp-1 gene in early stages of development of Hypericum perforatum L. Plant Cell Rep. 26, 211–217. doi: 10.1007/s00299-006-0240-4

 Kosuth, J., Smelcerovic, A., Borsch, T., Zuehlke, S., Karppinen, K., Spiteller, M., et al. (2011). The hyp-1 gene is not a limiting factor for hypericin biosynthesis in the genus Hypericum. Funct. Plant Biol. 38, 35–43. doi: 10.1071/FP10144

 Kumar, N., Gulati, A., and Bhattacharya, A. (2013). L-glutamine and L-glutamic acid facilitate successful Agrobacterium infection of recalcitrant tea cultivars. Appl. Biochem. Biotechnol. 170, 1649–1664. doi: 10.1007/s12010-013-0286-z

 Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., and Felix, G. (2004). The N terminus of bacterial elongation factor Tu elicits innate immunity in Arabidopsis plants. Plant Cell 16, 3496–3507. doi: 10.1105/tpc.104.026765

 Lecrubier, Y., Clerc, G., Didi, R., and Kieser, M. (2002). Efficacy of St. John's wort extract WS 5570 in major depression: a double-blind, placebo-controlled trial. Am. J. Psychiatry 159, 1361–1366. doi: 10.1176/appi.ajp.159.8.1361

 Lin, C. Y., Wang, J. P., Li, Q., Chen, H. C., Liu, J., Loziuk, P., et al. (2015). 4-coumaroyl and caffeoyl shikimic acids inhibit 4-coumaric acid:coenzyme A ligases and modulate metabolic flux for 3-hydroxylation in monolignol biosynthesis of Populus trichocarpa. Mol. Plant 8, 176–187. doi: 10.1016/j.molp.2014.12.003

 Liu, G., Campbell, B. C., and Godwin, I. D. (2014). Sorghum genetic transformation by particle bombardment. Methods Mol. Biol. 1099, 219–234. doi: 10.1007/978-1-62703-715-0_18

 Matzk, F., Meister, A., Brutovskà, R., and Schubert, I. (2001). Reconstruction of reproductive diversity in Hypericum perforatum L. opens novel strategies to manage apomixis. Plant J. 26, 275–282. doi: 10.1046/j.1365-313x.2001.01026.x

 Murch, S. J., Choffe, K. L., Victor, J. M. R., Slimmon, T. Y., Krishnaraj, S., and Saxena, P. K. (2000). Thidiazuron-induced plant regeneration from hypocotyl cultures of St. John's wort (Hypericum perforatum, cv ‘Anthos’). Plant Cell Rep. 19, 576–581. doi: 10.1007/s002990050776

 Murch, S. J., and Saxena, P. K. (2002). Mammalian neurohormones: potential significance in reproductive physiology of St. John's wort (Hypericum perforatum L.)? Naturwissenschaften 89, 555–560. doi: 10.1007/s00114-002-0376-1

 Nester, E. W. (2015). Agrobacterium: nature's genetic engineer. Front. Plant Sci. 5:730. doi: 10.3389/fpls.2014.00730

 Oksman-Caldentey, K. M., and Sévon, N. (2002). Agrobacterium rhizogenes-mediated transformation: root cultures as a source of alkaloids. Planta Med. 68, 859–868. doi: 10.1055/s-2002-34924

 Palmer, C. D., and Keller, W. A. (2011). Plant regeneration from petal explants of Hypericum perforatum L. Plant Cell Tissue Organ Cult. 105, 129–134. doi: 10.1007/s11240-010-9839-9

 Pan, Z. G., Liu, C. Z., Murch, S. J., and Saxena, P. K. (2004). 2004 SIVB congress symposium proceedings “Thinking Outside the Cell:” optimized chemodiversity in protoplast-derived lines of St. John's Wort (Hypericum perforatum L.). In Vitro Cell. Dev. Biol. Plant 41, 226–231. doi: 10.1079/IVP2004635

 Pasqua, G., Avato, P., Monacelli, B., Santamaria, A. R., and Argentieri, M. P. (2003). Metabolites in cell suspension cultures, calli, and in vitro regenerated organs of Hypericum perforatum cv. Topas. Plant Sci. 165, 977–982. doi: 10.1016/S0168-9452(03)00275-9

 Petri, C., Alburquerque, N., Perez-Tornero, O., and Burgos, L. (2005). Auxin pulses and a synergistic interaction between polyamines and ethylene inhibitors improve adventitious regeneration from apricot leaves and Agrobacterium-mediated transformation of leaf tissues. Plant Cell Tissue Organ Cult. 82, 105–111. doi: 10.1007/s11240-004-7013-y

 Pitzschke, A. (2013). Agrobacterium infection and plant defense-transformation success hangs by a thread. Front. Plant Sci. 4:519. doi: 10.3389/fpls.2013.00519

 Pretto, F. R., and Santarem, E. R. (2000). Callus formation and plant regeneration from Hypericum perforatum leaves. Plant Cell Tissue Organ Cult. 62, 107–113. doi: 10.1023/A:1026534818574

 Rai, M., Bansod, S., Bawaskar, M., Gade, A., Santos, C. A., Seabra, A. B., et al. (2015). “Nanoparticles-based delivery systems in plant genetic transformation,” in Nanotechnologies in Food and Agriculture, eds M. Rai, C. Ribeiro, L. Mattoso and N. Duran (Cham: Springer International Publishing), 209–239.

 Sainsbury, F., and Lomonossoff, G. P. (2014). Transient expressions of synthetic biology in plants. Curr. Opin. Plant Biol. 19, 1–7. doi: 10.1016/j.pbi.2014.02.003

 Santarém, E. R., and Astarita, L. V. (2003). Multiple shoot formation in Hypericum perforatum L. and hypericin production. Brazilian J. Plant Physiol. 15, 43–47. doi: 10.1590/S1677-04202003000100006

 Santarem, E. R., Zamban, D. C., Felix, L. M., and Astarita, L. V. (2008). Secondary metabolism of Hypericum perforatum induced by Agrobacterium rhizogenes. In Vitro Cell. Dev. Biol. Anim. 44, S52.

 Santarem, E., Silva, T., Freitas, K., Sartor, T., and Astarita, L. (2010). Agrobacterium rhizogenes and salicylic acid trigger defense responses in Hypericum perforatum shoots. In Vitro Cell. Dev. Biol. Anim. 46, S159–S160.

 Savio, L. E. B., Astarita, L. V., and Santarém, E. R. (2011). Secondary metabolism in micropropagated Hypericum perforatum L. grown in non-aerated liquid medium. Plant Cell, Tissue Organ Cult. (PCTOC) 108, 465–472. doi: 10.1007/s11240-011-0058-9

 Schinazi, R. F., Chu, C. K., Babu, J. R., Oswald, B. J., Saalmann, V., Cannon, D. L., et al. (1990). Anthraquinones as a new class of antiviral agents against human immunodeficiency virus. Antiviral Res. 13, 265–272. doi: 10.1016/0166-3542(90)90071-E

 Seong, E. S., Song, K. J., Jegal, S., Yu, C. Y., and Chung, I. M. (2005). Silver nitrate and aminoethoxyvinylglycine affect Agrobacterium-mediated apple transformation. Plant Growth Regul. 45, 75–82. doi: 10.1007/s10725-004-6126-y

 Silva, B. A., Dias, A. C., Ferreres, F., Malva, J. O., and Oliveira, C. R. (2004). Neuroprotective effect of H. perforatum extracts on beta-amyloid-induced neurotoxicity. Neurotox Res. 6, 119–130. doi: 10.1007/BF03033214

 Silva, B. A., Ferreres, F., Malva, J. O., and Dias, A. C. P. (2005). Phytochemical and antioxidant characterization of Hypericum perforatum alcoholic extracts. Food Chem. 90, 157–167. doi: 10.1016/j.foodchem.2004.03.049

 Singh, R. K., Hou, W., and Franklin, G. (2016). Hypericin gland-specific cDNA library via suppression subtractive hybridization. Methods Mol. Biol. 1391, 317–334. doi: 10.1007/978-1-4939-3332-7_22

 Singh, R. K., Hou, W., Marslin, G., Dias, A. C. P., and Franklin, G. (2014). Lignin and flavonoid content increases in Hypericum perforatum cell wall after Agrobacterium tumefaciens co-cultivation. Planta Med. 80, 1388–1388. doi: 10.1055/s-0034-1394589

 Sliwiak, J., Dauter, Z., Kowiel, M., McCoy, A. J., Read, R. J., and Jaskolski, M. (2015). ANS complex of St John's wort PR-10 protein with 28 copies in the asymmetric unit: a fiendish combination of pseudosymmetry with tetartohedral twinning. Acta Crystallogr. D Biol. Crystallogr. 71, 829–843. doi: 10.1107/S1399004715001388

 Soták, M., Czeranková, O., Klein, D., Nigutová, K., Altschmied, L., Li, L., et al. (2016). Differentially expressed genes in hypericin-containing Hypericum perforatum leaf tissues as revealed by de novo assembly of RNA-Seq. Plant Mol. Biol. Rep. doi: 10.1007/s11105-016-0982-2. [Epub ahead of print].

 Sparks, C. A., and Jones, H. D. (2014). Genetic transformation of wheat via particle bombardment. Methods Mol. Biol. 1099, 201–218. doi: 10.1007/978-1-62703-715-0_17

 Trautmann-Sponsel, R. D., and Dienel, A. (2004). Safety of Hypericum extract in mildly to moderately depressed outpatients - a review based on data from three randomized, placebo-controlled trials. J. Affect. Disord. 82, 303–307. doi: 10.1016/j.jad.2003.12.017

 Tusevski, O., Petreska Stanoeva, J., Stefova, M., Pavokovic, D., and Gadzovska Simic, S. (2014). Identification and quantification of phenolic compounds in Hypericum perforatum L. transgenic shoots. Acta Physiol. Plant. 36, 2555–2569. doi: 10.1007/s11738-014-1627-4

 Tusevski, O., Petreska Stanoeva, J., Stefova, M., and Simic, S. G. (2013a). Phenolic profile of dark-grown and photoperiod-exposed Hypericum perforatum L. hairy root cultures. Scientific World J. 2013, 9. doi: 10.1155/2013/602752

 Tusevski, O., Stanoeva, J. P., Stefova, M., Kungulovski, D., Pancevska, N. A., Sekulovski, N., et al. (2013b). Hairy roots of Hypericum perforatum L.: a promising system for xanthone production. Cent. Eur. J. Biol. 8, 1010–1022. doi: 10.2478/s11535-013-0224-7

 Tusevski, O., Stanoeva, J., Stefova, M., and Simic, S. G. (2015). Agrobacterium enhances xanthone production in Hypericum perforatum cell suspensions. Plant Growth Regul. 76, 199–210. doi: 10.1007/s10725-014-9989-6

 Veena Jiang, H. M., Doerge, R. W., and Gelvin, S. B. (2003). Transfer of T-DNA and Vir proteins to plant cells by Agrobacterium tumefaciens induces expression of host genes involved in mediating transformation and suppresses host defense gene expression. Plant J. 35, 219–236. doi: 10.1046/j.1365-313X.2003.01796.x

 Vinterhalter, B., Ninkovic, S., Cingel, A., and Vinterhalter, D. (2006). Shoot and root culture of Hypericum perforatum L. transformed with Agrobacterium rhizogenes A4M70GUS. Biol. Plant. 50, 767–770. doi: 10.1007/s10535-006-0127-9

 Vinterhalter, B., Zdravković-Korać, S., Mitić, N., Bohanec, B., Vinterhalter, D., and Savić, J. (2015). Effect of sucrose on shoot regeneration in Agrobacterium transformed Hypericum perforatum L. roots. Acta Physiol. Plant. 37, 1–12. doi: 10.1007/s11738-015-1785-z

 Wang, Y. P., Sonntag, K., Rudloff, E., and Han, J. (2005). Production of fertile transgenic Brassica napus by Agrobacterium-mediated transformation of protoplasts. Plant Breed. 124, 1–4. doi: 10.1111/j.1439-0523.2004.01015.x

 Xing, H. L., Dong, L., Wang, Z. P., Zhang, H. Y., Han, C. Y., Liu, B., et al. (2014). A CRISPR/Cas9 toolkit for multiplex genome editing in plants. BMC Plant Biol. 14:327. doi: 10.1186/s12870-014-0327-y

 Xu, R. F., Li, H., Qin, R. Y., Wang, L., Li, L., Wei, P. C., et al. (2014). Gene targeting using the Agrobacterium tumefaciens-mediated CRISPR-Cas system in rice. Rice 7:5. doi: 10.1186/s12284-014-0005-6

 Yadollah-Damavandi, S., Chavoshi-Nejad, M., Jangholi, E., Nekouyian, N., Hosseini, S., Seifaee, A., et al. (2015). Topical Hypericum perforatum improves tissue regeneration in full-thickness excisional wounds in diabetic rat model. Evid. Based Complement. Alternat. Med. 2015:245328. doi: 10.1155/2015/245328

 Yeom, S. I., Seo, E., Oh, S. K., Kim, K. W., and Choi, D. (2012). A common plant cell-wall protein HyPRP1 has dual roles as a positive regulator of cell death and a negative regulator of basal defense against pathogens. Plant J. 69, 755–768. doi: 10.1111/j.1365-313X.2011.04828.x

 Yuan, Z. C., Edlind, M. P., Liu, P., Saenkham, P., Banta, L. M., Wise, A. A., et al. (2007). The plant signal salicylic acid shuts down expression of the vir regulon and activates quormone-quenching genes in Agrobacterium. Proc. Natl. Acad. Sci. U.S.A. 104, 11790–11795. doi: 10.1073/pnas.0704866104

 Zhang, K., Liu, J., Zhang, Y., Yang, Z., and Gao, C. (2015). Biolistic genetic transformation of a wide range of Chinese elite wheat (Triticum aestivum L) varieties. J. Genet. Genomics 42, 39–42. doi: 10.1016/j.jgg.2014.11.005

 Zobayed, S. M. A., Murch, S. J., Rupasinghe, H. P. V., and Saxena, P. K. (2004). In vitro production and chemical characterization of St. John's wort (Hypericum perforatum L. cv ‘New Stem’). Plant Sci. 166, 333–340. doi: 10.1016/j.plantsci.2003.10.005

 Zobayed, S. M. A., and Saxena, P. K. (2003). In vitro-grown roots: a superior explant for prolific shoot regeneration of St. John's wort (Hypericum perforatum L. cv ‘New Stem’) in a temporary immersion bioreactor. Plant Sci. 165, 463–470. doi: 10.1016/S0168-9452(03)00064-5

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Hou, Shakya and Franklin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-00879-t002.jpg
A. rhizogenes strain

ATCC 15834
A4

LBA402 and A4
ATCC 15834
K599

A4

Explant

Root and leaf

Epicotyls

Root, leaf, epicotyl, and organogenic nodules
Leaf and root fragments.

Adventitious shoots

Root segments

Molecular confirmation

PCR and southern blot analysis of rolC gene.
PCR ampiification of GUS gene

No hairy root induction

PCR ampiification of rolC gene

No hairy root induction

PCR ampiification of rolB and rolC genes

References

Di Guardo et al., 2003
Vinterhalter et al., 2006
Frankiin et al., 2007

Bertoli et al., 2008
Santarem et al., 2008, 2010
Tusevski et al,, 2013b, 2014





OPS/images/fpls-07-00879-g003.gif





OPS/images/fpls-07-00879-t001.jpg
Explant

Secding
Halved leaves
Isolated anther

Shoot tip, hypocotyl, root, and whole
seediing
Lea discs and stem segments

Root, hypocotyl, and leaves from in vitro
grown seediings

Organogenic nodules obtained from cell
suspension culture.

In vitro grown roots

Nodal segments from in vitro gown
shoots

Petals
Thin cell layers of organogenic nodules

PGRs tested

BA
2,4-D, BA, KIN, IBA
NAA, BA|

‘Thidiazuron, NAA,
IBA, IAA

2,4:D, KIN
BA, IAA

BA, NAA

IAA, IBA, NAA, KIN
BA

1A, 1BA, KIN
BA, NAA

Major result

Plant regeneration
Callus initation and shoot organogenesis
Plant regeneration from isolated anthers
Best regeneration potentil of root explants

Leaf disks are better than stem segments for shoot regeneration
‘Organogenesis and embryogenesis in several genotypes

Plant regeneration

Established liquid culture medium most suitable for culturing roots
Used different liquid cultures, semisolid, partal immersion, paper
bridge, and total immersion for shoot organogenesis

Shoot regeneration from petals dependent on age of buds
Regulation of shoot, root and root hair development by
chiorogenic acid

References

Cellarova et al., 1992
Pretto and Santarem, 2000
Murch and Saxena, 2002
Zobayed and Saxena, 2003

Ayan et al., 2005
Frankiin and Dias, 2006

Frankin et al., 2007

Goel et al., 2008
Savio etal., 2011

Palmer and Keller, 2011
Frankiin and Dias, 2011





OPS/images/fpls-07-00879-g001.gif
‘Complete plant






OPS/images/fpls-07-00879-g002.gif





OPS/images/cover.jpg
’ frontiers
in Plant Science

A Perspective on Hypericum
perforatum Genetic Transformation









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
, frontiers
in Plant Science





