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			Advances in plant biotechnology provide various means to improve crop productivity and greatly contributing to sustainable agriculture. A significant advance in plant biotechnology has been the availability of novel synthetic promoters for precise spatial and temporal control of transgene expression. In this article, we review the development of various synthetic promotors and the rise of their use over the last several decades for regulating the transcription of various transgenes. Similarly, we provided a brief description of the structure and scope of synthetic promoters and the engineering of their cis-regulatory elements for different targets. Moreover, the functional characteristics of different synthetic promoters, their modes of regulating the expression of candidate genes in response to different conditions, and the resulting plant trait improvements reported in the past decade are discussed.

			Keywords: synthetic promoters, transgenes, plant improvement, gene expression, drought

			

Introduction

			The application of plant biotechnology techniques has revolutionized the field of plant science and greatly contributed to the progress of crop improvement and modern agriculture (Moose and Mumm 2008; Hahne et al., 2011). The demands of an expanding global population and an expectation of higher living standards are two main forces driving the widespread implementation of innovative agro-biotechnology concepts and techniques. Many crops have been genetically modified for high yield, stress tolerance, and production of diverse high-value products, such as antibodies, enzymes, vaccines, and other bioactive secondary metabolites (Goodman et al., 1987; Gasser and Fraley 1989; Saito et al., 1992; De Jaeger et al., 2002; Rushton et al., 2002; Gust et al., 2010; Madanala et al., 2015; Kashima et al., 2016). Plant biotechnology has been successfully used to improve crops for greater productivity under both normal and stressful conditions (Sakamoto and Murata 2002; Wang et al., 2003; Nessler et al., 2015). During the past three decades, the progress and application of molecular biology, plant biotechnology, and synthetic biology have generated new tools for the design and analysis of genetically modified organisms (Sharma et al., 2002; Moose and Mumm 2008; Nessler et al., 2015).

			The process of transcription is an essential cell function for gene regulation which is accomplished through sequence-specific binding transcription factors binding to their target promoters and either inhibiting or activating transcription. The pivotal role in controlling processes is not played by encoding sequences, but by regulatory elements (Venter and Botha 2010). Where, regulatory sequences dynamically enhance or restrict gene expression levels within an organism. Hence, controlled expression of genetic information leads to the production of the required amount of the final product. Similarly, regulatory sequences perform an indispensable role in regulation and promoter regulate the expression of a transgene in different ways to achieve inducible or constitutive expression. In addition, other elements of the host genome participate in controlling the transgene’s expression through interactions with DNA or endogenously expressed regulatory proteins at different stages. The structure of plant promoters allows to construct various sets of regulatory elements and plant promoters for genes transcribed by RNA polymerase II have been studied extensively (Guilfoyle 1997). The understanding of regulation of plant gene expression at cis-acting elements started with analysis of promoters from native plant genes and Agrobacterium which express in plant cells. Interestingly, like their counterparts in animals, plant gene promoters contain TATA box, initiator element as well as well-defined transcription initiation site about 20 to 30 bp downstream to TATA element. Whereas, in the upstream region, several gene promoters were found to contain positive or negative regulatory elements, some of which were characterized as enhancers or silencers (Timko et al., 1985; Tyagi 2001). A minimal promoter (mostly –46 bp derivative of 35S CaMV promoter or its –90 bp derivative) is fused to a heterologous promoter sequence at its 5´ end and to a reporter gene (GUS, LUC, CAT, etc) at its 3´ end. Such constructs are introduced in plant cells by Agrobacterium, electroporation, or biolistics and evaluated either for transient expression of the reporter gene or for its expression in stable transgenic system. The pattern of expression conferred by heterologous promoter sequences has been helpful in defining characteristics of developmental as well as inducible regulatory promoters (Tyagi et al., 1999; Tyagi 2001).

			Tightly controlled promoters can achieve very specific expression patterns for transgenes, and studies have elucidated many aspects of the underlying cellular regulation mechanisms by using synthetic promoters, in which primary elements of different promoters from diverse origins are linked together. Primary elements of a synthetic promoter is the region known as a regulatory module that is fused upstream to the core promoter (Venter 2007; Dey et al., 2015; Kassaw et al., 2018). Precisely, a synthetic promoter is a stretch of DNA comprising a core-promoter region and multiple repeats or combinations of heterologous upstream regulatory elements (cis-motifs or TF-binding sites). The core-promoter region (also known as the minimal-region) usually contains a TATA-box necessary for recruiting RNA polymerase II and the assembly of general transcription factors to form the preinitiation complex. Thus, the multiplication of the elements, their reorganization, and ligation with native and synthetic cis-sequences are used to obtain synthetic promoters. The development and use of such a novel promoter can successfully regulate transgenes in trait- and environment-specific manners (Venter and Botha 2010; Dey et al., 2015; Biłas et al., 2016; Mohan et al., 2017).

			The basic idea behind synthetic promoter is to improve the expression characteristics so as to make promoters that are more suited to the biotechnological aim. The common goals of synthetic promoters are to reduce unwanted background expressions and increase promoter strength. Typically, synthetic promoters are constructed by using Cis-acting element building blocks from various sources. The combinatorial engineering of cis-regulatory elements include activators, enhancers, and repressors, in the region upstream of core promoter sequences. The different cis-acting elements in plant promoters can be substituted or shuffled in order to achieve a desired regulatory function (Mohan et al., 2017; Kassaw et al., 2018). Different factors such as orientation, location, and copy number also affect the functional role of synthetically designed regulatory elements (Venter 2007; Dey et al., 2015). Cis-regulatory elements that are placed upstream or downstream of a native promoter can be altered to achieve desired effects. The transcription factors that attach strongly to cis-regulatory elements in synthetic promoters can not only enhance the process of transcription but also influence other regulatory effects on the target gene. Categorically, investigations of different aspects, such as specificity, spacing, and copy number, of cis-regulatory elements and their corresponding transcription factors have demonstrated that synthetic promoters can be more efficient compared to native or natural promoters. The tight control of synthetic promoters is supported by the interactions among cis-motifs and their corresponding transcription factors for enhanced transcription (Mehrotra et al., 2011; Dey et al., 2015). The researchers in plant synthetic promoter engineering are advancing to generate robust constitutive, inducible or bidirectional synthetic promoters for a better transcriptional regulation of transgene expression in model and crop plants. Several synthetic promoters have been tested for fusion of specific Cis-regulatory elements with a core promoter or hybrids of multiple promoter, parts from different regulatory sequences. Similarly, various synthetic promoters have been designed by inserting functional promoter elements into natural plant promoters (Tables 1–3).

			In addition to the availability of novel synthetic promoters for precise control of transgene expression the implementation of synthetic biological circuits has greatly revolutionized the prospects for plant biotechnology and modern-day agriculture. In analogy to electronic circuits, synthetic genetic circuits are the precise combinations of regulatory and coding DNA sequences introduced into crop plant for desired function. Cells respond to their environment, contribute tasks, and making decisions while the functions are controlled by DNA, RNA, and a network of interacting proteins. The ability to engineer biological circuits for a novel complex trait in plants the genetic circuit should enable different cells and tissues to process information from their surroundings and produce an appropriate response. However, the assembly of plant genetic circuits is still mostly empirical and require standardization or a precise balancing of regulator expression (Nielsen et al., 2016; de Lange et al., 2018; Kassaw et al., 2018). Equal to plant synthetic promoters the crop genetic circuit pipeline also involves different stages such as designing, assembly, and delivery into a crop plant. Thus, the quest of synthetic biology is to pave the way for designing of desired traits in different crop plants in the near future.

			In early 1980s, the production of transgenic plants by Agrobacterium-mediated transformation initiated a new era of plant biotechnology. Presently in this review, it is difficult to review the historical developments in plant biotechnology, especially after the excellent works of Vasil, (2008) and Sussex, (2008). Whereas, modern plant biotechnology has arisen from the achievements of biochemistry and plant physiology. During the first half of the twentieth century, all key biochemical pathways were revealed, and a substantial knowledge on plant physiology had accumulated. The addition of such scientific information allowed for clear identification of most appropriate research directions as well as for better experimental designs and the field of plant biotechnology turned into a valuable tool for modern biology as predicted by Altman, (1999). In modern synthetic biology, the limitations of native or natural promoter activities such as low expression and specificity have spurred demand for the construction of synthetic promoters with higher specificity and robust expression of foreign genes. Some of the recent studies also revealed that plant synthetic promoters express genes of interest either constitutively, inductively, or in a tissue-specific manner (Chaturvedi et al., 2006; Xu et al., 2010; Hou et al., 2012; Kumar et al., 2012; Dey et al., 2015). The choice of promoter, to confer constitutive, inductive, or a tissue-specific expression is one of the key determinants and the use of synthetic promoters to assist in elucidating synergistic regulatory interactions. The role of Cis-regulatory elements and targeted modification of promoter architecture are necessary for coordinated manipulation of the gene activity. The identification and construction of in-silico promoter models has enabled more accurate prediction of gene expression, whereas the in-silico predictions of gene regulatory events must be validated experimentally (Novina and Roy 1996; Venter 2007).

			In this article, we provide a brief description of the structure and scope of selected synthetic promoters and the engineering of their Cis-regulatory elements. Moreover, the functional characteristics of different synthetic promoters, their modes of regulating the expression of candidate genes in response to different conditions, and the resulting plant trait improvements reported in the past decade are discussed.

			


Structure and Scope of Synthetic Promoters and the Engineering of Their CIS-Elements

			Native plant promoters are typically more than 1000 bp long and are much weaker in their expression compared to constitutive viral promoters (e.g., CaMV 35S) that have been commonly exploited in plant biotechnology. In contrast, synthetic promoters are typically smaller in size but generate strong constitutive or inducible expression. The primary elements (e.g., core promoter and Cis-motifs) of different promoters can be linked together from diverse origins to form a synthetic promoter for the spatial and temporal control of a transgene in a genetically engineered plant (Figure 1).
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			Figure 1 | (A) Multiple copies of identical cis-regulatory elements in a long native promoter control expression of a gene of interest. Transcription factors expressed in response to the cellular environment, native cis-regulatory elements in the proximal region and RNA Poly II complex express the gene of interest. (B) A short and robust promoter in which multiple, different cis-regulatory elements from different origin that control the expression of gene of interest.

		


			A synthetic promoter is comprised of a core promoter and synthetic cis-regulatory elements for the regulation of a transgene. The core promoter may be composed of an initiator region, a CAAT box, a TATA box, and GA elements (Joshi 1987; Yamamoto et al., 2011; Porto et al., 2014; Liu and Stewart 2016). The core promoter region is also known as the minimal region of the promoter, and all the core promoter elements mentioned above are not always present in each core promoter. Most commonly, the formation of a preinitiation complex takes place on the TATA box region, which is also important for the attachment of RNA polymerase II and other transcription factors (Venter 2007). In different genes the sequence analysis of core promoter elements reveals some positional conservation with respect to the transcription initiation site (TIS); this sequence is commonly present at −50 to +50 bp. The general transcription factors (GTFs) bind to the core promoter and initiate the process of transcription. The cauliflower mosaic virus (CaMV) 35S minimal core promoter has been widely used in synthetic promoter constructs for successful expression of transgenes in plants. More recently, three switchgrass green tissue-specific minimal promoters were identified and characterized, and the expression pattern of marker genes was evaluated. Maize Ubiquitin1 (ZmUbi1), switchgrass Ubiquitin 2 (PvUbi2), and CaMV 35S minimal promoters were used as positive controls (Liu et al., 2018).

			Similarly, the ZmUbi1 minimal core promoter from Zea mays was characterized for use in crop plants (Biłas et al., 2016). When constructing synthetic promoters, it is important to identify which core promoters yield the desired expression of the transgene in the recipient organism. Different core promoter elements, including the CAAT box, GA elements, and the TATA box region, can be used to construct novel and more efficient synthetic promoters. The design and engineering of core promoters along with the 5´ untranslated region (UTR) has a significant influence over the strength of transcription, initiation of translation, and the stability of the encoded gene’s mRNA. However, the presence of cis-regulatory modules is indispensable for the expression and specific regulation of core promoters because in the absence of cis-regulatory elements, core promoters yield only basal transcription or no expression (Srivastava et al., 2014; Liu and Stewart, 2016). For synthetic promoters, a generally pragmatic approach is to use Cis-regulatory elements that can be used with different computational tools to determine whether the appropriate binding of transcription factors is achieved and can be verified experimentally (Liu et al., 2013).

			In engineering a synthetic promoter, the target is the architecture (position, nucleotide sequence, combination, and copy number) of cis-regulatory elements. Normally, cis-regulatory elements are derived from pre-existing sequences, and the choice of their copy number and spacing influences the strength and expression pattern of the synthetic promoters. Databases such as PlantCARE (Lescot et al., 2002), TRANSFAC (Matys et al., 2003), and PLACE (Higo et al., 1999) are helpful for selecting cis-regulatory elements with known functions, for instance enhancers or repressors. Cis-regulatory elements without core promoter sequences are nonfunctional and require the addition of a core promoter sequence for the attachment of transcription factors and RNA polymerase II enzymes. Recent studies on the AOX1 promoter (PAOX1) in P. pastoris also suggested that the engineering of novel cis-regulatory elements is required for synthetic motif library screening, an experimental line of tracking and bioinformatics tools, because these approaches greatly affect the strength of transcription and its regulation. It was also demonstrated that there are multiple Cis-regulatory elements in the promoter region of Catharanthus roseus CrWRKY1 that regulate its relevant expression. In another study they revealed that the promoter is active in both natural/native and heterologous systems, Cis elements can also be utilized for the isolation of regulatory factors (Yang et al., 2013).

			During the past decade, several computational biology tools have been introduced for the discovery of novel Cis-regulatory elements. A comprehensive bioinformatics analysis of the soybean genome was conducted for de novo discovery of soybean cyst nematode (SCN)-inducible motifs (Liu et al., 2014). By using these bioinformatics tools, a total of 116 overlapping motif regions (OMRs) in soybean promoter cis-regulatory elements were identified. Tools such as SCOP, Weeder, and W-alignACE were also extremely successful for detecting core motifs (Liu et al., 2011). In addition, for developing a synthetic promoter, Cis-regulatory elements can be standardized because the spacing and sequence of cis-elements is often pivotal for inducing a helical orientation that properly interacts with the relevant transcription factors (Liu et al., 2018). Similarly, the copy number of cis motifs correlates with enhanced control and productivity of synthetic promoters and was confirmed in different plant species such as rice, tobacco, and Arabidopsis (Liu and Stewart 2016).

			Cis-regulatory elements and their respective transcription factors determine the level of transcription; signaling is generated through cis-trans interactions and directs the process of gene expression. Synthetic promoters with unique Cis-regulatory elements are designed to have a tailored or engineered functionality, although endogenous transcription factors and environmental stimuli can modulate functions. Homology-dependent gene silencing is a concern that can be avoided by designing synthetic promoters with minimal sequence similarity to the recipient cells’ genome (Venter and Botha 2010). In this manner, a detailed method for the identification of cis-regulatory elements that function in the promoter of germline-expressed genes and display a unique transcriptional profile has been described (Peters et al., 2017). More recently, it has been proposed that combinatorial cis-trans engineering for the introduction of specific traits into plants also enhances environmental adaptability (Shrestha et al., 2018). A CRISPR-dCas9-based bipartite module was used to regulate the expression of multiple target genes (Shrestha et al., 2018). The construction of combinatorial promoter libraries and other computational tools has the potential to contribute to the engineering of different Cis-regulatory elements for synthetic promoters. Moreover, the use of synthetic promoters in combination with bioinformatics tools, such as the binding-site estimation suite of tools (BEST) platform, could become a powerful approach for the evaluation and discovery of novel cis-sequences in response to plant-pathogen interactions or any other specific stimuli (Koschmann et al., 2012).

			


Functional Characteristics of the Promoters and Transgenic Plants

			The different types of promoters are classified based on gene expression and their regulation. The most common types of gene expression are constitutive, inducible, and tissue specific. In constitutive expression, a promoter may be active throughout all developmental stages of the plant in each tissue. In contrast, an inducible promoter is modulated by external stimuli such as different biotic and abiotic environmental factors. Inducible promoters are also expressed at specific developmental stages without endogenous factors. Tissue-specific promoters direct the expression of a gene in one or more tissues or at certain stages of development. Successful regulation of promoter activity is achieved by coordinated expression of transcription factors; hence, the activity of promoters from monocotyledonous plants is higher in monocots compared to dicots (Cornejo et al., 1993; Park et al., 2010; Biłas et al., 2016). However, synthetic promoters are designed by bringing together promoter elements from diverse origins to achieve the desired type of expression. There are various sets of regulatory elements in different promoters that can be reorganized and ligated with synthetic and natural cis sequences to construct synthetic promoters. To study cis elements and promoter structures, two approaches, deconstructive and reconstructive, have been reported (Mehrotra et al., 2011). The deconstructive approach involves removing nucleotides or introducing mutations in the nucleotide sequence of cis elements. The reconstructive approach involves the addition of specific cis-regulatory elements to minimal promoter sequences. Both approaches can lead to the development of novel synthetic promoters (Bhullar et al., 2003; Venter 2007; Mehrotra et al., 2011).

			

Constitutive Promoters and Constitutive Expression of Synthetic Promoters

			Early endeavors in plant biotechnology, constitutive promoters were isolated from plant pathogens (such as cauliflower mosaic virus; CaMV 35S) and used for the expression of transgenes in plants (Odell et al., 1985; Benfey et al., 1990a; Benfey and Chua, 1990b). These promoters are active throughout almost all developmental stages and tissue in the plant and are minimally affected by environmental factors (Table 1). One of the prominent characteristics of constitutive promoters is their activity and expression across different species and even kingdoms (Benfey et al., 1989). The constitutive expression of reporter proteins, transcription factors, and the production of bioactive compounds at all stages of plant growth and development have used constitutive promoters in different expression vectors. However, constitutive promoters isolated from plant pathogens can lead to abnormal conditions in transgenic plants. Therefore, constitutive promoters of plant origin have been isolated, such as the moderate constitutive promoter (PtMCP) isolated from Populus tomentosa; PvUbi1 and PvUbi2 isolated from switchgrass; and CsCYP, C2 (CsGAPC2), and CsEF1 isolated from citrus (Mann et al., 2011; Chen et al., 2013; Erpen et al., 2018).



		Table 1 | Demonstrates constitutive synthetic promoters (CSPs) and their characteristics.
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			Currently, these plant-based constitutive promoters are preferred over pathogen-derived constitutive promoters (Potenza et al., 2004), but there are still some exceptions to the constitutive overexpression of promoters. For instance, constitutive overexpression of genes related to defense mechanisms may cause increased disease resistance but may also lead to stunted plant growth of or disease symptoms, even in the absence of plant pathogens (Fitzgerald et al., 2004; Venter 2007). The expression of natural promoters can also be downregulated after they are cloned into an expression construct. For example, the constitutive promoter (Act2) of Arabidopsis failed to enhance protein expression in microsporangia or seed coats of Arabidopsis, and the modified actin promoter of rice did not cause xylem expression in rice plants (Zhang et al., 1991; An et al., 1996; Biłas et al., 2016). Moreover, bidirectional promoter constructs were also used to constitutively express two transgenes, in which two unidirectional promoters were joined in opposite directions, but the expression failed to reach the expected level (Zhang et al., 2008). These findings have increased interest in the design of synthetic promoters that drive constitutive expression.

			Most plant promoters are comprised of a core set of elements: a cap, or transcription start, site; a CCAAT consensus sequence; and a TATA box. Generally, synthetic promoters are designed by joining the upstream activation sequence of one promoter to a TATA box-containing region of another promoter for constitutive expression of the transgene. The pioneering design of the first synthetic promoter paved the way for designing other promoters (Comai et al., 1990). A hybrid promoter, known as “Mac,” in which the Ti plasmid mannopine synthase promoter (+65 to −301) was incorporated into the enhancer region (−90 to −941) of CaMV 35S, yielded interesting results. The Mac promoter overexpressed GUS compared to double CaMV 35S promoters in the leaves and roots (Comai et al., 1990). In another study, two constitutive promoters (CaMV 35S and Actin-1 from rice) with a compact chimeric Bt gene and cryIA(b) of Bacillus thuringiensis were joined (Datta et al., 1998). The authors reported 100% insect larvae mortality in 81 transgenic plants (Datta et al., 1998). Subsequently, the in vivo gene expression and regulation properties of a G-box motif with different flanking sequences were investigated (Ishige et al., 1999). GUS gene expression driven by 11 different G-box tetramers fused to a promoter (CaMV ± 90/35S) was studied in transgenic tobacco plants (Ishige et al., 1999). The G-box-10 construct conferred high-level constitutive expression in different parts of transgenic dicot (carrot) and monocot (rice) plants (Ishige et al., 1999).

			To study the expression of functionally identical promoters having minimal sequence homology in transgenic plants (Bhullar et al., 2003), two synthetic promoters, Mod2A1T and Mod3A1T, were constructed by placing the minimal promoter and sub-domain A1 core elements into divergent DNA sequences. The activity of these synthetic promoters was comparable to that of the CaMV 35S promoter in different tissues of transgenic Nicotiana tabacum. This strategy revealed the possibility of designing synthetic promoters having minimal sequence homology by modifying sequences between cis-elements for transgene expression (Bhullar et al., 2003).

			Short repeated DNA enhancer elements of viral origin increased the expression of genes when they were combined with the minimal CaMV 35S promoter. Synthetic promoters with multiple copy numbers, in combination with direct repeat cassettes, caused constitutive expression of the reporter gene (luciferase) in an Agrobacterium-based leaf-infiltration transient assay in Nicotiana tabacum (Cazzonelli and Velten 2008). Higher constitutive expression levels of different synthetic promoters and their increased translation properties in both transient and transgenic assays have also been reported (Wever et al., 2010). Three synthetic promoter constructs were designed by using three different 5´ UTRs of Vigna radiate aminocyclopropane-1-carboxylate synthase (VR-ACS1) gene coupled with a CaMV 35S promoter and β-glucuronidase (GUS) reporter gene (Wever et al., 2010). The transgenic seedlings and mature plants with 5´ UTRs from the VR-ACS1 and Cab22L genes showed a two- to five-fold increase in GUS activity (Wever et al., 2010).

			Kumar et al. (2011) designed a strong recombinant promoter (MSgt-FSgt) for high level expression of transgenes in different plants. Ten recombinant promoters with different upstream activation sequences were generated by incorporating the Mirabilis mosaic virus sub-genomic transcript (MS8, −306 to +27) and TATA-containing core domains of the Figwort mosaic virus sub-genomic transcript promoter (FS3, −271 to +31). The successful regulation of recombinant promoters for GUS and GFP was confirmed in tobacco protoplasts. The engineered promoters revealed stronger activity compared to the CaMV 35S constitutive promoter (Kumar et al., 2011).

			Synthetic promoters where cis elements are shuffled can be advantageous in developing transgenic plants that express the trait of interest. Acharya et al. (2014a) developed a constitutive synthetic promoter (MUSASMSCP) by incorporating the upstream activation sequence of Mirabilis mosaic virus (MMV) full-length transcript (−279 to −38) to the 5´end of the MMV sub-genomic transcript (−306 to −125) promoter fragment. Subsequently, the transient activity of the MUASMSCP promoter was evaluated in Petunia hybrida and tobacco protoplasts and showed constitutive expression of the transgenes at levels comparable to that of the CaMV 35S promoter (Acharya et al., 2014a). In another study, a set of three chimeric/hybrid promoters (FSgt-PFlt, PFltUAS-2X, and MSgt-PFlt) were developed, and each chimeric/hybrid promoter drove the constitutive expression of multiple reporter genes in different plant species, including tobacco, spinach, Arabidopsis, petunia, and tomato. In addition, promoter activity was induced by salicylic acid and abscisic acid (Acharya et al., 2014b).

			Another study used different cis elements to generate synthetic promoters, SynS1 and SynS2, which conferred constitutive GUS expression to the stems of transgenic sugarcane (Chakravarthi et al., 2015). Peramuna et al. (2018) tested three (12–10, 12–48, 12–79) synthetic promoters in Physcomitrella patens. These short synthetic promoters showed higher mRNA expression than the endogenous PpAct7 promoter, with protein activity similar to that of the medium-strength AtUBQ10 promoter. The authors also suggested a strategy for constructing multiple synthetic promoters on demand for other plants (Peramuna et al., 2018). All these studies demonstrate that the use of constitutive synthetic promoters to produce targeted proteins or metabolites in greater amounts will contribute to the design of genetically modified crop plants and to modern agriculture at large.

			


Inducible Promoters and Inducible Expression of Synthetic Promoters

			A promoter whose activity is triggered by the presence or absence of biotic or abiotic factors is known as an inducible promoter. The controllable expression of inducible promoters is of great importance in gene expression and recombinant DNA technology. In genetic engineering of plants, inducible promoters are frequently used because the gene of interest can be switched off or on under certain conditions or at certain developmental stages. Several different inducible promoters have been reported that vary according to their source and expression level. Inducible promoters are broadly grouped as either being chemically or physically regulated. A promoter whose expression is regulated by the availability of chemicals such as steroids, metals, hormones, or alcohols, is called chemically inducible (Table 2). A promoter whose transcriptional activity is regulated by plant pathogens, temperature, or light levels is called physically inducible (Padidam 2003; Boni et al., 2018). In transgenic plants, the expression of inducible promoters in response to various plant pathogens provides broad-spectrum, pathogen-inducible resistance. Broadly, a plant pathogen inducible promoter has to be a chemically inducible promoter because it is not the pathogen itself that causes induction but chemical substances like MAMPs or elicitors that execute the induction. Even if it would be the pathogen it would still be a chemical substance.



		Table 2 | Demonstrates different types of inducible synthetic promoters (ISPs) and their characteristics.
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			Similarly, the promoters should not express their transgenes under normal conditions, ensuring that no defense responses are needlessly activated (Shehzadi et al., 2018). Boni et al. (2018) reported a Ta-Lr34res gene that encodes an ATP-binding cassette (ABC) transporter protein that confers broad-spectrum resistance against fungal pathogens in wheat plants at adult stages. Ta-Lr34res that was expressed under the control of the pathogen-inducible Hv-Ger4c promoter in transgenic barley conferred enhanced resistance against powdery mildew and leaf rust, even at the seedling stage. These results suggested that Ta-Lr34res driven by the pathogen-inducible Hv-Ger4c promoter is agronomically useful in barley, and that the negative effects of the endogenous promoter can be eliminated without compromising disease resistance (Boni et al., 2018).

			Various chemically-inducible promoters that initiate the expression or suppression of a gene at a defined time during plant development have also been reported. However, the spraying of such chemicals may not reach all the infection sites, providing only short-lived control of disease, which can lead to undesirable effects on the plant tissues (Zuo and Chua 2000; Deveaux et al., 2003; Gurr and Rushton 2005). Kinkema et al. (2014) used a modified alc gene expression system that was naturally ineffective in monocots (e.g., sugarcane). A promoter consisting of tandem copies of the ethanol receptor inverted repeat binding site was used in combination with a minimal promoter sequence to yield an ethanol-inducible promoter. This promoter conferred enhanced sensitivity and significantly higher expression levels in a modified alc gene expression system (Kinkema et al., 2014). Similarly, a strong oxidative stress-inducible promoter (POD) was cloned by Kim et al. (2003) from sweet potato, while the study of Zhu et al. (2015) revealed a synthetic probenazole (PBZ)-inducible promoter by combining different cis-elements, and its expression pattern in response to multiple signaling pathways such as salicylic acid, jasmonic acid, ethylene, calcium, and mitogen-activated protein kinase (MAPK) was evaluated in Arabidopsis (Zhu et al., 2015). Recently, certain chemically- or pathogen-inducible promoters showed background expression levels in different transgenic plants, making them incompatible tools for biotechnological applications that require inducible expression; however, these results support the development of inducible synthetic promoters in transgenic plants.

			Hou et al. (2012) reported the development of three inducible synthetic promoters, EKCM, EKCRM, and ECCRM, which consist of multiple cis-acting elements that respond to cold and salt stresses and drive stress-inducible transgene expression with minimal negative effects on transgenic Arabidopsis thaliana. Each promoter was independently linked to the β-glucuronidase (GUS) reporter gene, and GUS expression was analyzed in A. thaliana. GUS activity under stress was significantly higher in transgenic plants with the synthetic promoter constructs than in plants with the control construct where GUS expression was driven by the responsive to dehydration 29A (rd29A) promoter. In particular, EKCM showed a 1.29-fold increase in GUS activity in different tissues of transgenic A. thaliana under dehydration conditions (Hou et al., 2012). Synthetic promoters Ap, Dp, and ANDp were also designed to provide drought resistance in plants (Ge et al., 2018). The combination of functional genes for cytosolic abscisic acid (ABA) receptor kinase 1 (CARK1) and regulatory components of ABA receptor 11 (RCAR11) with synthetic promoters resulted in drought stress tolerance. It was also reported that exogenous ABA or co-transformation with the effector dehydration-responsive element binding protein 2A (DREB2A) induced the activity of the synthetic promoters (Ge et al., 2018). They concluded that a combination of synthetic promoters and functional genes (Dp.RCAR11-Ap.CARK1 and ANDp.CARK1) can be used to generate drought stress resistance in different plants.

			To construct synthetic pathogen-inducible promoters, Shokouhifar et al. (2011) used two known pathogen-inducible cis-acting elements, F and E17, in dimers and in combination, and placed them upstream of the minimal CaMV 35S promoter. The resulting constructs, pGEE, pGFF, and pGFFEE, were analyzed after transformation into canola (Brassica napus) plants. GUS histochemical analyses revealed that the synthetic promoters responded to phytohormone treatments and fungal elicitors (Shokouhifar et al., 2011).

			Moradyar et al. (2016) reported that the synthetic pathogen-inducible promoter SP-DDEE, containing parsley D, E17 elements, and a minimal promoter, strongly halted the growth of the phytopathogenic fungus Sclerotinia sclerotiorum, showing again how important inducible synthetic promoters can be for controlling the expression of genes related to plant defense mechanisms and engineering plants with increased resistance to pathogens and other environmental stressors.

			


Tissue-Specific Promoters and Tissue-Specific Expression of Synthetic Promoters

			A promoter whose activity is observed only in specific tissues of the plant is known as a tissue-specific promoter. Such promoters express the cistronic part of their gene in cells of particular tissue types, and their expression may also be induced in those tissues by internal or external factors. A transgene ligated to a tissue-specific promoter should activate expression of the encoded protein in a particular cell type, without affecting unmodified tissues of the plant. Recently, a variety of tissue-specific promoters have been reported from plant tissues, and studies have shown that their expression provides an advantage over constitutive promoters because it is based on the interacting levels of gene expression and regulation (Table 3). Tissue-specific expression of transgenes will often require the use of promoters from closely related plant species.



		Table 3 | Demonstrate different types of tissue specific synthetic promoters (TSPs) and their characteristics.
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			In the last decade, several root-, seed-, chloroplast-, and fruit-specific promoters have been characterized. The root-specific expression of aminocyclopropane-1-carboxylate (ACC) deaminase under the control of the root locus rolD promoter from Agrobacterium rhizogenes was evaluated in transgenic tomato plants (Grichko et al., 2005). Koramutla et al. (2016) reported the strength and stability of expression driven by cis motifs identified through in silico screening, one of which was the phloem-specific promoter for Glutamine synthetase 3A (GS3A) gene, in Brassica juncea phloem exudates. A number of different seed-specific promoters have also been identified for the purposes of enhancing the nutritive value of rice, corn, and legumes. Promoters active in seeds, such as the glutelin promoter in rice, the zein promoter in maize, and the arcelin (arc5-I) promoter in the bean Phaseolus vulgaris, were able to transform and greatly improve the nutritive value of seeds with heterologous proteins (De Jaeger et al., 2002; Sharma and Sharma 2009). Recently, specific promoters have been used to express foreign proteins in chloroplasts. The 16S rRNA promoter has been repeatedly used to transform chloroplasts. Promoters such as Prrn and psbA have been used to transform tobacco chloroplasts for the production of insulin (CTB‐Pins) and other protective antigens (Koya et al., 2005; Ruhlman et al., 2007). One area of interest is to use fruit-specific promoters to enhance the nutritive value and flavor of fruits or to produce edible vaccines. Fruits of genetically engineered plants offer an economical and harmless source for vaccine development, including cholera toxin B (CTB) vaccines. The tomato fruit-specific E8 promoter has been tested for expressing antigens in fruits, and these tests provided a basis for exploring the use of CTB expression in tomato fruits as edible vaccines (Jiang et al., 2007).

			Although constitutive promoters have been used in transgenic studies, they carry the risk of unwanted or off-target effects, such as the silencing of epigenetic genes and suboptimal growth. However, the use of tissue-specific promoters for targeted transgene expression can potentially overcome these problems. Initially, the function of plant heat shock promoter elements in the expression of chimeric genes was analyzed (Schöffl et al., 1989). A series of mutations were introduced into different portions of the promoters of heat shock genes in soybean and then linked to chloramphenicol acetyl transferase coding sequences for expression in tobacco. This study revealed that the TATA box of heat shock promoter elements (HSEs) can be substituted by other native and overlapping HSE-containing upstream sequences, while synthetic promoter elements could also be used (Schöffl et al., 1989). Lam and Chua (1991) used the hex-3 and hex-1 elements of the wheat histone gene promoter construct synthetic promoters 4H3-46 and 4H1-46. Only a tetramer of hex-3 in transgenic tobacco was shown to overexpress the target gene upon exposure to saline (NaCl) and elevated concentrations of ABA (Lam and Chua 1991). Clendennen et al. (1999) designed a synthetic promoter to downregulate the expression of the S-adenosylmethionine-cleaving enzyme (SAMase) in the ripening fruit of cantaloupe. Similarly, an E8-E4 hybrid synthetic promoter, composed of cis-acting elements derived from the E8 and E4 genes of tomato, has been patented to enhance expression of foreign genes in fruits; could be used to reduce the production of ethylene, which has a pivotal role in fruit ripening (Bestwick and Kellogg 2000).

			In the last decade, several studies have reported various synthetically engineered, tissue-specific promoters for the successful expression of genes of interest. A Zea mays chimeric promoter having activity specific to the kernel endosperm and embryo was constructed and evaluated (Shepherd and Scott 2009). The authors combined the elements of the 27zn and Glb1 promoters to construct a synthetic chimeric promoter A27znGlb1. This newly designed promoter showed the capability for tissue-specific expression in the embryo and kernel endosperm of maize transgenic plants (Shepherd and Scott 2009). Li et al. (2013) produced a pCL synthetic promoter by fusing two DNA cassettes (containing the Arabidopsis cor15a promoter and the potato patatin promoter regions) that specifically regulates the activity of acid vacuolar invertase in potato tubers at low temperature, but has no effect in other tissues or in tubers under normal conditions. Transgenic potato lines were constructed with a vector containing 955 bp of antisense StvacINV1 sequence under the control of the pCL promoter to confirm the function of the pCL promoter in cold-induced sweetening (CIS) in potato. These results demonstrated the utility of using the pCL promoter to prevent CIS in potato tubers (Li et al., 2013). Du et al. (2014) constructed four different chimeric promoters (p35S-LCHS-Ω, pOCS-PCHS-Ω, pOCS-LCHS-Ω, and p35S-PCHS-Ω) in a quest for a better-quality flower-specific promoter. The study combined CaMV 35S or the OCS enhancer with a CHSA core promoter fragment, from either petunia or lily, along with an omega (Ω) element and evaluated the levels and tissue specificity of GUS expression in transgenic Torenia fournieri. Among these chimeric promoters, pOCS-PCHS-Ω showed high expression levels in colored corollas (Du et al., 2014).

			Synthetic biology has been applied in different fields, and it has revolutionized plant biotechnology. The study of Wang et al. (2015) provides a brilliant example of the synthesis of tissue-specific promoters, and it presents a practical method for genome-wide screening and functional identification of tissue-specific Cis elements in rice. Five novel tissue-specific promoters were synthesized, and they revealed green tissue-specific cis elements that showed different expression levels in various green tissues of rice (Wang et al., 2015). Moreover, a novel synthetic root-specific promoter (SynR2) was constructed and evaluated in transgenic tobacco plants (Mohan et al., 2017). In a very recent study, Bai et al. (2019) revealed four synthetic promoters (BiGSSP2, BiGSSP3, BiGSSP6, and BiGSSP7) with high bidirectional expression efficiencies specifically in green tissues, which can be widely applied to agriculture biotechnology. Furthermore, bidirectional green tissue‐specific promoters have important application prospects in genetic engineering and crop genetic improvement. However, there is no report on the application of them, mainly due to undiscovered natural bidirectional green tissue‐specific promoters and the lack of a comprehensive approach for the synthesis of these promoters (Bai et al., 2019). Similarly, the application of seed-specific bidirectional promoters for the metabolic engineering of anthocyanin-rich crop plants was reported (Liu et al., 2018).

			



Synthetic Transcriptional Tools and Promoters

			The development and use of synthetic promoters for transgene expression has increased interest in controlled regulatory mechanisms for the prolific expression of genes of interest. Not only do cis-regulatory elements such as proximal elements and core promoter region control the expression and regulation of transgenes in plants, but elements such as silencers, insulators, and enhancers along with their associated transcription factors also play a prominent role (Spitz and Furlong 2012). Like native promoters, synthetic promoters also require appropriate transcriptional tools, such as activators and repressors, for the precise regulation of transgenes (Liu et al., 2013; Petolino and Davies 2013). According to Liu and Stewart (2016), different synthetic transcription factors can be designed by using fusion proteins consisting of DNA binding domains (DBDs) with effector domains to activate or repress a transgene. Activation domains, such as VP16 from herpes simplex virus, assist the attachment of different transcription factors (e.g., TFIID, TFIIH) to the promoter region for the formation of preinitiation complexes in plants. However, repressor domains partially halt or suppress the expression of genes by using chromatin remodeling factors (CRFs); one of the best examples is EAR and its derivative SRDX domains in tobacco plants (Hiratsu et al., 2003; Hirai et al., 2010; Mahfouz et al., 2012; Liu and Stewart 2016).

			Different approaches have been used to target gene activation or to target genome modification in plants. The use of synthetic transcription factors for targeted gene activation (e.g., zinc-finger transcription factors, ZF-TFS; transcription activator-like effector transcription factors, TALE-TFs) or enzymes for genome modification (e.g., zinc finger nucleases, ZFNs; TALE nucleases, TALENs) will obviously facilitate metabolic engineering in plant synthetic biology. The activation domains of synthetic ZF-TFs have been used for targeted activation of genes in Brassica napus, such as the β‐ketoacyl‐acyl-carrier-protein synthase II (KASII) gene (Guan et al., 2002), and the tissue-specific promoter from APETALA1 in Arabidopsis thaliana (Gupta et al., 2012). These studies also found that synthetic transcription factors based on zinc finger proteins (ZFPs) are capable of stably regulating endogenous genes for stimulating the expression of specific agronomically relevant traits through several crop cycles.

			Mahfouz et al. (2012) reported that TALEs contain a modular DNA-binding domain that can be easily engineered to bind to a specific sequence, and the use of TALEs for the generation of chimeric sequence-specific transcriptional repressors has been demonstrated. Targeted repression was confirmed in A. thaliana after salt and cold treatment when TALE DNA-binding domains were fused to the EAR-associated repression domain (SRDX) for both endogenous and transgenic RD29A promoter expression (Mahfouz et al., 2012). The application of sequence-specific transcriptional repression tools can be used to assess functional genomics in detail and other related biotechnological applications. Furthermore, TALE-TFs and ZF-TF tools can be used to activate key regulatory proteins and to effect plant genome editing during transformation. However, these techniques will need vigilant planning and analysis to ensure the appropriate specificity and efficiency required for suitable production. Synthetic transcription factors and synthetic promoters could be paired for robust expression of a transgene and the synthesis of its encoded product in plants. Therefore, these are advantageous approaches for gene expression, gene regulation, crop improvement, and sustainable agricultural production.

			


Conclusion and Future Perspective

			In recent decades, sustainable agriculture production has become an urgent issue from the perspectives of food security and global climate change. The application of plant biotechnology tools for the development of crop plants that are better adapted to stressful conditions is important for more sustainable production and harvesting greater quantities of food (Varshney et al., 2011). Various model and crop plants have been genetically modified to improve traits and to produce bioactive secondary metabolites. However, further progress in crop improvement and plant biotechnology still requires tools that are more precise than those currently available. The application of synthetic biology for the rearrangement of genetic components that are found in nature has revolutionized the field of plant molecular biotechnology. Since its inception more than a decade ago, the field of synthetic biology has grown significantly and has generated several prominent developments, such as the use of synthetic promoters and synthetic transcriptional tools to replace native/natural promoters in plant biotechnology.

			One goal in plant biotechnology is to successfully express multiple transgenes in a single transgenic plant to enhance agricultural productivity and consequently contribute toward feeding the population of nine billion people estimated for 2050 (Godfray et al., 2010; Tomlinson 2013). Independent expression systems and novel regulatory components could be engineered for genes of interest, which could be fruitful for expressing desired traits or metabolic activity in plants. Thus, synthetic promoters are valuable tools for the genetic modification of plants, and they have potential for making meaningful contributions to the improvement of the agricultural sector at large. The use of synthetic promoters can not only enhance agricultural productivity under diverse environmental conditions but could also be useful for producing pharmaceutical products inside plant tissues. Therefore, synthetic promoters that result in a desired level of expression of their associated transgenes are important, as are the core promoter and cis-regulatory elements that have already been designed and studied over the past decade.

			In this review, we surveyed the structure, synthesis, and expression of synthetic promoters reported in the preceding decade. Parameters such as specificities and strength were chosen to categorize the reviewed promoters, which included synthetic constitutive promoters, synthetic inducible promoters, and synthetic tissue-specific promoters (Tables 1–3). Such a classification scheme for the description of synthetic promoters and their Cis-regulatory elements will greatly facilitate the selection of relevant regulatory components for future research. Furthermore, it will also enhance our understanding for developing transgenic plants that are resistant to multiple stress conditions. Besides synthetic promoters, other synthetic biology tools (ZF-TF, TALENs) and systems (synthetic genomes, synthetic biological circuits) have been designed; their application in crop plants will definitely enhance our understanding for increasing the availability of desired products. The combined use of synthetic promoters and synthetic transcription tools have the capability to modernize plant genetic modification and genetic technology. Similarly, the use of tools, such as CRISPR-Cas, RNAi, and other plant genomic techniques, will soon revolutionize the field of plant biotechnology, enabling precise and targeted genome editing and the development of novel plant species with desired traits.
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