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Characterization of Transcription Regulatory Domains of OsMADS29: Identification of Proximal Auxin-Responsive Domains and a Strong Distal Negative Element
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OsMADS29 (M29) is a seed-specific MADS-box transcription factor involved in programmed cell death of nucellar tissue and maintaining auxin:cytokinin homeostasis. It affects embryo and endosperm development and starch filling during seed development in rice. Its expression seems to be tightly regulated by developmental, spatial, and temporal cues; however, cis- and trans-regulatory factors that affect its expression are largely unknown. In silico analysis of the 1.7 kb upstream regulatory region (URR) consisting of 1,290 bp promoter and 425 bp 5′-UTR regions revealed several auxin-responsive and seed-specific cis-regulatory elements distributed across the URR. In this study, the analysis of four URR deletions fused to a downstream β-glucuronidase (GUS) reporter in transgenic rice has revealed the presence of several proximal positive elements and a strong distal negative element (NE). The promoter regions containing auxin-responsive elements responded positively to the exogenous application of auxins to transgenic seedlings. The proximal positive elements are capable of driving reporter expression in both vegetative and reproductive tissues. In contrast, the NE strongly suppresses reporter gene expression in both vegetative and reproductive tissues. In a transient onion peel assay system, the NE could reduce the efficacy of a 2x CaMV 35S promoter by ∼90%. Our results indicate the existence of a complex array of positive and negative regulatory regions along with auxin-responsive elements guiding the development-dependent and spatial expression of M29.
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INTRODUCTION

The survival of living organisms is correlated with their ability to successfully reproduce and to sense, perceive, and adapt to diverse abiotic and biotic environmental cues. Each of these aspects requires a great deal of coordination between sensory mechanisms and mechanisms that control gene expression. Regulating developmental transitions requires transcribing the relevant genetic information at the right moment and spurring the correct phenotypic response (She et al., 2013; Ichihashi et al., 2020; Borg et al., 2021). Chromatin is the warehouse of genetic information, and its packaging is critical for both maintaining and transcribing this data.

Enhancer and silencer sequences located either upstream or downstream to the transcription start site (TSS) recruit transcription factors and their coactivators to mediate precise spatiotemporal expression of genes located either nearby or several kilobases away (Shlyueva et al., 2014; Weber et al., 2016). Concomitantly, a number of functional regulatory cis-elements have been identified in either intronic (Broeckling et al., 2016; Xie et al., 2018), exonic (Liu et al., 2017), or the untranslated regions (UTRs) (Wang and Chekanova, 2019). A single element present in a promoter may confer both positive and negative influence on the transcription, as observed in the case of AB80 and rbcS-3A genes in Pea (Coruzzi et al., 1984; Simpson et al., 1986; Kuhlemeier et al., 1987). However, in other cases, combinatorial distribution of cis-acting elements exerting either a positive or negative control over the transcription of genes is crucial for fine-tuning gene expression networks. Transcriptome reprogramming is an essential factor in orchestrating developmental transitions (Deveshwar et al., 2011; Sharma et al., 2012; Yi et al., 2019).

In addition, phytohormones have also been found to be integral factors influencing transcriptome profiles for adapting to developmental or stress conditions (Nemhauser et al., 2006; Borah et al., 2017; Ma et al., 2019). Auxin accumulation patterns regulate various aspects of embryonic and postembryonic development. Studies on developing embryos in Arabidopsis (Friml et al., 2003) and maize (Chen et al., 2014) show characteristic auxin accumulation profiles. In rice, de novo indole-3-acetic acid (IAA) production in the young embryos is predicted to rely on the TAR/YUCCA pathway supported by increased expression of OsTAR2, OsYUC7, OsPIN1a, OsIAA1, 10, 14, 15, 19, 20, and 24 genes (Uchiumi and Okamoto, 2010; Abu-Zaitoon et al., 2012; Itoh et al., 2016), indicating a significant role of auxin in rice embryo and endosperm development. Auxin is known to regulate the transcription of target genes both positively and negatively via the auxin response factors (ARFs), Aux/IAA proteins, and the 26S proteasome machinery (Lavy and Estelle, 2016; Powers and Strader, 2020).

After fertilization, the development of the zygote into a multicellular seed requires a coordinated interplay of multiple gene regulatory networks (Abiko et al., 2013; Anderson et al., 2017; Deushi et al., 2021). To understand the complexity of transcriptomic alterations that occur after fertilization in developing embryos, we need to understand the mechanisms that regulate gene expression. OsMADS29 (M29) is a seed-specific MADS-box transcription factor that has been implicated in embryo and endosperm development in rice. The expression of M29 is known to be tightly regulated at the transcriptional, posttranscriptional, and posttranslational levels (Yin and Xue, 2012; Nayar et al., 2013, 2014). In preliminary studies involving the culture of detached ovaries from pollinated and unpollinated flowers and their subsequent treatment with IAA and 2,4-dichlorophenoxyacetic acid (2,4-D), the expression of M29 was shown to be induced after pollination as well as upon treatment with exogenous auxin, suggesting the involvement of auxins in the transcriptional regulation of M29 (Yin and Xue, 2012). Therefore, understanding the transcriptional regulatory domains of M29 would help shed light on the regulation of rice seed development.

In this study, we have analyzed the upstream regulatory region (URR) of M29 to identify domains that impart precision to its spatiotemporal and developmental expression. The serial URR deletions were created based on the presence of several seed-specific and auxin-responsive elements and analyzed for their ability to drive reporter gene expression in transgenic rice. The experiments reveal the presence of a proximal positive, auxin-responsive regulatory region along with a strong negative element in the distal region of the URR. Our data provide insights into a complex interplay of negative and positive cis-elements used by biological systems for the precise regulation of gene expression at the transcription level.



MATERIALS AND METHODS


Prediction of Conserved cis-Elements in M29 Upstream Regulatory Region

The 1.5 kb upstream and 0.4 kb downstream regions of OsMADS29 were downloaded from RAP-DB (Rice Annotation Project, 2007) and analyzed using the PLACE database (Higo, 1998) motif list in CLC Main Workbench version 7.0. A frequency distribution curve was made using Microsoft Excel.



Cloning Upstream Regulatory Region Deletions

The –1290..425 region of M29 was PCR amplified from genomic DNA from Indica rice using gene-specific primers (Sigma Aldrich-Merck, United States) and Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific, United States). The remaining three deletions were PCR amplified from this fragment (–618..425, –355..425, and –78..425). These fragments were mobilized into the pENTR™/D-TOPO™ entry vector and validated by restriction fragment analysis and DNA sequencing. From the entry clones, these constructs were mobilized into destination plant transformation vector pMDC164 harboring a glucuronidase (GUS) reporter via LR Clonase II Enzyme Mix (Thermo Fisher Scientific, United States). The destination vector clones were validated by restriction fragment analysis.



Cloning Negative Element

For the control vector, 2x CaMV 35S was PCR amplified from the pB4NU vector using promoter-specific primers and Phusion™ High-Fidelity DNA Polymerase and mobilized into the pENTR™/D-TOPO™ entry vector. The 2x CaMV 35S was further mobilized into two destination vectors, pMDC110 and pGWB653, which harbor green fluorescent protein (GFP) and red fluorescent protein (RFP) reporters, respectively, via LR Clonase II Enzyme Mix (Thermo Fisher Scientific, United States). After validation by restriction fragment analysis, the 2x CaMV 35S:GFP:NosT cassette from the pMDC110 vector was cloned into the pBSK+ vector via EcoRI and NotI FastDigest™ restriction enzymes (Thermo Fisher Scientific, United States). Sequentially, the 2x CaMV 35S:RFP:NosT cassette was PCR amplified using primers containing the EcoRI restriction enzyme site and cloned into the final pBSK+ vector. The negative element region, as well as the four deletions (−1,290..–619, –1,103..–619, –956..–619, –845..–619, and –730..–619), was PCR amplified from the –1290..425 fragments. These primers contained the NotI restriction enzyme site at the 5′ end to facilitate cloning directly upstream of the 2x CaMV 35S:GFP:NosT cassette via the NotI restriction enzyme. All positive clones were validated via restriction fragment analysis and DNA sequencing.



Transformation of Agrobacterium tumefaciens EHA105

Agrobacterium tumefaciens EHA105 was transformed with pMDC164 clones using electroporation. Electroporation was performed using the MicroPulser™ electroporation apparatus (Bio-Rad Laboratories, United States) as per the protocol mentioned in the user manual.



Agrobacterium-Mediated Transformation of Indica Rice

Agrobacterium tumefaciens EHA105 clones harboring promoter:GUS fusion constructs in pMDC164 (Curtis and Grossniklaus, 2003) were used to transform the Indica rice variety IET 10364 (Toki et al., 2006).



Copy Number Estimation of Transgenics by Southern Hybridization

Genomic DNA was isolated from mature leaf tissues of transgenic and untransformed wild-type (WT) Indica rice plants using the Cetyltrimethyl ammonium bromide (CTAB) method (Tapia-Tussell et al., 2005). At 37°C for 16 h, 15 μg of genomic DNA was digested by 10 μl of HindIII FastDigest™ enzyme (Thermo Fisher Scientific, United States). The digested fragments were resolved on a 0.8% agarose gel and transferred onto N + nylon membranes (Amersham Biosciences) via the capillary transfer method. The hybridized membrane was fixed by exposing it to UV (1200 J for 60 s) in a UV cross-linker. The hygromycin probe was radiolabeled with α-32P dCTP using the Random Primer Labeling Kit (BRIT). The membrane was processed further as per the manufacturer’s instructions.



Analysis of Glucuronidase Reporter Expression

Tissue samples were first treated with 90% ice-cold acetone on ice for 3 min. Afterward, the samples were washed twice with GUS buffer without X-Gluc (0.1% Triton X-100, 10% methanol, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, 10 mM EDTA pH 8.0, and 50 mM sodium phosphate buffer pH 7.0) (Jefferson, 1987). Finally, samples were treated with GUS buffer supplemented with 1 mM X-Gluc, and the buffer was vacuum-infiltrated for 15 min at room temperature. The samples were incubated at 37°C for 16 h.



Fluorometric Quantitation of Glucuronidase Reporter Expression

Crude protein extracts were isolated from 50 to 100 mg transgenic and WT samples using 1 ml GUS extraction buffer (50 mM sodium phosphate buffer pH 7.0, 10 mM β-mercaptoethanol, 10 mM sodium EDTA pH 8.0, 0.1% sodium lauryl sarcosine, and 0.1% Triton X-100) (Jefferson, 1987). The total protein concentration of these crude extracts was measured using Bradford’s assay. A uniform protein amount of 6 μg was used from all samples for this assay. A total of 500 μl GUS extraction buffer (GUS assay buffer supplemented with 1 mM 4-methylumbelliferyl β-D-glucuronide; MUG) was added and mixed with 6 μg protein in 50 μl GUS extraction buffer. The samples were incubated at 37°C overnight (precisely 16 h). The reactions were stopped by adding 900 μl of 0.2 M sodium carbonate solution to 100 μl of the MUG reaction. The fluorescence intensities of all samples were measured using the TECAN M200 Infinity Pro microplate reader with the excitation set at 365 nm and the emission at 455 nm.



Auxin Induction Assay

The 7-day-old seedlings were treated with 50 μM IAA supplemented in RGM and incubated for 1 and 3 h (Jain and Khurana, 2009). Mock treated samples were used as controls. GUS activity posttreatment was measured in terms of the accumulation of μM of 4-MU/mg protein/h.



Transient Expression by Particle Bombardment

Particle bombardment was performed using the Biolistic PDS-1000/He particle delivery system (Bio-Rad, United States) according to an earlier described protocol (Lee et al., 2008) with a few minor modifications. For each construct, 2 μg of DNA was coated on 1 mg (0.5 mg used per shot) of 1 μm gold particle. The shooting parameters were 27 mm Hg vacuum, 1,100 psi helium pressure, with the target distance set at 6 cm. The plates were then sealed and incubated in the dark at room temperature for 12–14 h. The onion peels were then observed for GFP and RFP under a Leica SP5 confocal laser scanning microscope. For each construct, 12–15 images were captured with the gain set at constant for both the GFP and RFP channels.



Fluorescence Intensity Measurement and Data Analysis

The images were exported to the Leica Application Suite X (LASX) for analysis of the fluorescence intensity. The images were opened in the Quantify section and a small ROI was drawn in the nucleus of the cell while avoiding the nucleolus. Several datasets were provided, out of which the mean value of the intensity was recorded for both the channels (GFP and RFP). The GFP/RFP ratio was calculated for each cell, and the average value was calculated using Microsoft Excel. The scatter plot to depict the GFP/RFP ratios was generated using the PlotsOfData online tool (Postma and Goedhart, 2019). The images were then edited and compiled in Adobe Photoshop CC 2018 and Adobe Illustrator CC 2018, respectively.




RESULTS


OsMADS29 Upstream Region Has Conserved Seed-Specific and Auxin-Responsive Elements

To identify cis-regulatory elements in the M29 upstream region, the sequence of upstream and downstream regions to the TSS was downloaded from the Rice Annotation Project Database (RAP-DB) (Rice Annotation Project, 2007). For up to 6.3 kb upstream of M29, there is no other predicted gene (Figure 1A). Using the PLACE database (Higo, 1998) motif list and CLC Main Workbench version 20.0.4, the entire 6.3 kb upstream region, as well as the 5′UTR up to 425 bases downstream to the TSS, was scanned for the presence of conserved cis-elements. Considering the seed-specific expression of M29 and the role of auxin in plant embryogenesis, we narrowed our search to seed-specific and auxin-responsive elements. We screened for the presence of four seed-specific motifs, namely, the prolamin box, AACA motif, ACGT motif, and GCN4 motif (Foster et al., 1994; Onodera et al., 2001; Qu et al., 2008; Wu et al., 2015), and three auxin-responsive elements. Auxin-responsive motifs may either be a singular motif comprising a 6 bp core (TGTCTC) or a composite motif comprising a coupling element along with the 6 bp core. The D1 and D4 elements are composite auxin-responsive elements identified in the GmGH3 promoter (Ulmasov et al., 1995). Various other composite element combinations have been predicted using bioinformatic tools but have not yet been experimentally validated (Berendzen et al., 2012; Mironova et al., 2014; Cherenkov et al., 2018). We have used only the experimentally validated auxin-responsive elements, namely, the 6 bp core, D1, and D4 (Ulmasov et al., 1995).
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FIGURE 1. Gene structure of M29 and frequency distribution of conserved cis-elements in M29 URR. (A) Gene structure of M29 and its upstream region (chr02:3843135.3833130). (B) Frequency distribution of conserved seed-specific and auxin-responsive cis-elements in the M29 URR between –1,290 and 425 nt. In (B), the Y-axis represents the number of motifs, and the X-axis represents 50 bp intervals of the M29 URR from –1,290 to −459 and at the bottom, a diagrammatic representation of the four deletions of the M29 URR in the pMDC164 vector showing the 5′ and 3′ boundaries of each construct fused with the GUS reporter. Motifs were predicted using the PLACE database motif list in CLC Main Workbench version 20.0.4 and plotted using a stacked column graph in Microsoft Excel.


Our analysis revealed multiple seed-specific and auxin-responsive elements in the proximal and distal promoter regions (Figure 1B). We observed a high density of the four seed-specific elements, the auxin-responsive core, and the D4 composite element. No D1 elements were found in our analysis. Based on the distribution of these cis-elements, we selected four sites in the M29 URR, viz., –1290, –618, –355, and –78, for making serial deletions for reporter gene expression analyses in transgenic rice (Figure 1B). These sites were carefully chosen to avoid any truncation of auxREs.



Characterization of Upstream Regulatory Region: Glucuronidase Fusions in Transgenic Rice

The four selected regions of the M29 URR, i.e., –1290..425, –618..425, –355..425, and –78..425, were cloned upstream to a GUS reporter in the pMDC164 backbone (Supplementary Figure 1). Three independent transgenic lines from each of the four constructs were analyzed for T-DNA copy number by southern hybridization experiments using a hygromycin-specific probe (Figure 2A). We found two single-insertion lines for –618..425, –355..425, and –78..425; however, we could detect only one single-insertion line for –1290..425 (Figure 2B). We chose to use two single-insertion lines for the –618..425, –355..425, and –78..425 constructs for the detailed reporter expression analysis in rice. However, for the –1290..425 construct, along with a line that was validated for single insertion, we used a double-insertion line as this line also exhibited identical GUS expression. In the case of the –78..425 construct, only one of the two single insertion lines bore seed; the other did not. Therefore, we depicted data from only one line for the –78..425 construct. In other constructs, both the lines analyzed exhibited similar expression patterns, and the data from one of those lines is shown here. No phenotypic variation was observed in the transgenic plants when compared to the untransformed control WT plants (Supplementary Figure 2), and there was no phenotypic difference within the lines tested for different constructs.
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FIGURE 2. Analysis of T-DNA copy number of transgenics by Southern hybridization. (A) Map of pMDC164 showing the T-DNA region harboring the URR deletion inserts fused to a downstream GUS reporter and the CaMV 35S promoter-driven hygromycin antibiotic-selection gene. The region of hygromycin and the vector backbone used as a probe for the Southern hybridization experiments has been indicated. (B) Results of the Southern hybridization experiment show the copy number in each of the transgenics. Positive control (PC) is a HindIII linearized –78..425:pMDC164 plasmid and an untransformed wild-type (WT) was used as a negative control for this experiment. The blot was photographed using an HP Scanjet G4050 scanner.


For the GUS reporter gene expression analysis in rice, we chose 15 tissues representing different developmental stages; root and shoot from 7-day-old seedlings, and the mature plant, leaf blade, leaf sheath, intercalary meristem, and ten seed stages, i.e., gynoecium of mature floret (MF) (GyMF) and 0, 1, 2, 4, 6, 8, 10, 14, and 20 days after pollination (DAP). WT untransformed plants were used as a negative control for these analyses. The entire GUS expression profiling has been performed on samples from the T2 generation of transgenic plants.



Analysis of Glucuronidase Reporter Expression in Early Stages of Seed Development

For analyzing the GUS reporter expression in our transgenics, we examined 10 different seed stages, beginning from GyMF to 20 DAP. Here, GyMF represents the gynoecium before pollination, and the remaining stages represent the seed as DAP. GUS expression was not visible in any of the seed samples from our longest construct –1290..425 (Figures 3I–P), similar to that of the WT untransformed control seed samples (Figures 3A–H). GUS expression was observed in our second and third constructs, –618..425 (Figures 3Q–X) and –355..425 (Figures 3Y–AF) during the seed stages. Both of these seed samples show similar GUS expression in the GyMF and 0–2 DAP seeds, where GUS is observed in the style, lodicules, and at the base of the ovary and expands to the pericarp by 2 DAP. GUS accumulates over the pericarp in both –618..425 and –355..425 seeds from 4 to 10 DAP. Between 4–10 DAP, GUS was visible in the embryo of –618..425 seeds (Figures 3U–X) and not the –355..425 seeds (Figures 3AC–AF). In our fourth and smallest constructs, –78..425 GUS expression was observed in the style, lodicules, and in the anther filaments (Figures 3AG–AI) (filaments got cut while dissecting seeds; the remnants can be seen toward the base of the ovary). No GUS expression was observed in the –78..425 seeds from 2–10 DAP (Figures 3AJ–AN).
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FIGURE 3. Analysis of GUS expression during early seed stages starting from unfertilized floret to 10 DAP stage in WT and transgenics. The panels show whole mounts of GUS-stained gynoecium of mature floret (GyMF) and seed stages from 0 to 10 DAP in (A–H) WT, (I–P) –1290. 425, (Q–X) –618. 425, (Y–AF) –355. 425, and (AG–AN) –78. 425. Samples were photographed using a stereozoom dissecting microscope. Scale bar in GyMF; 0, 1, 2, and 4 DAP samples represents 1 mm; 6, 8, and 10 DAP samples represents 2 mm.




Analysis of Glucuronidase Expression in Late Stages of Seed Development

We chose two mature seed stages, 14 and 20 DAP, for analyzing GUS reporter expression. GUS expression was not visible in either the untransformed control (Figures 4A–F) or the –1290..425 seed samples (Figures 4G–L) at either of these developmental timepoints. GUS expression was observed in the pericarp and the embryo in both the –618..425 and –355..425 seed samples (Figures 4M–O,S–U) at 14 DAP. At the final stage, GUS expression was restricted to the embryo at the 20 DAP and was no longer visible in the pericarp in both constructs (Figures 4P–R,V–X). In the embryo at 14 and 20 DAP, the GUS-derived blue color could be seen across the entire embryo, in the scutellum, the coleoptile, the plumule, and the radicle (Figures 4O,R,U,X, respectively). GUS expression was observed in the endosperm of the 14 DAP seed (Figures 4Y–AA) and not in any other portion of the developing seed in the –78..425 construct samples (Figures 4AB–AD).
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FIGURE 4. Analysis of GUS expression in mature seed stages 14 and 20 DAP from WT and transgenic plants. The panels show whole mounts (WM), hand-cut longitudinal section (LS), and a magnification of the LS showcasing the embryo (LS-Emb) of mature 14 and 20 DAP seeds from (A–F) WT, (G–H) −1290..425, (M–R) −618..425, (S–X) −355..425, and (Y–AD) −78..425 rice transgenics. Samples were photographed using a Leica Mz12.5 Stereozoom microscope. The scale bar in 14 and 20 DAP WM, and LS samples represents 2 mm and in LS-Emb samples is 0.5 mm.


During 6–20 DAP, GUS expression was visible in the dorsal vascular trace in –618..425 and –355..425 seeds (Figures 5K–O,P–T). Similar GUS expression was not observed in the untransformed control (Figures 5A–E), –1290..425 (Figures 5F–J), and –78..425 (Figures 5U–Y) seed tissues examined. GUS expression was also observed in the lemma and palea in the MF and seeds from 0 to 10 DAP in –618..425 (Figure 6C) and –355..425 (Figure 6D). GUS accumulation is prominent in the lemma and palea up to 8 DAP and subsides by 10 DAP, and no GUS expression was visible in the lemma and palea at 14 and 20 DAP (Figures 6C,D). GUS expression was not observed in the lemma and palea of any of the seed stages analyzed in either untransformed control (Figure 6A), –1290..425 (Figure 6B), and –78..425 (Figure 6E) samples.
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FIGURE 5. Analysis of GUS expression pattern in the dorsal vascular trace. The panels show the GUS expression patterns in the dorsal vascular trace of 6–20 DAP seeds (A–E) WT, (F–J) –1290..425, (K–O) –618..425, (P–T) –355..425, and (U–Y) –78..425. White arrowheads in (K–T) indicate the dorsal vascular trace. Samples were photographed using a Leica Mz12.5 Stereozoom microscope. The scale bar represents 2 mm.
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FIGURE 6. Analysis of GUS expression in the lemma and palea in WT and transgenic plants beginning from the mature floret (MF) and post-fertilization seed development stages in 0–20 DAP. The panel shows the GUS accumulation patterns in the lemma and palea of (A) WT, (B) –1290..425:pMDC164, (C) –618..425:pMDC164, (D) –355..425:pMDC164, and (E) –78..425:pMDC164 transgenics. Samples were photographed using phone camera.




Analysis of Glucuronidase Reporter Expression in Vegetative Stages

GUS expression was not visible in any of the samples from the untransformed control plants, except for the intercalary meristem tissue (Figures 7A–G). The –1290..425 samples mirrored the untransformed plants with faint positive GUS signals observed only in the intercalary meristem region and in no other tissue (Figures 7H–N). There have been reports of GUS activity from various young tissues of untransformed Arabidopsis, Brassica, tobacco, and rice plants (Sudan et al., 2006; Arul et al., 2008). Similar GUS expression was visible in all vegetative tissues examined for –618..425 (Figures 7O–U) and –355..425 (Figures 7V–AB). In samples from both of these constructs, GUS expression was observed in leaves, leaf sheaths, and in the vascular bundles of the root tip and the lateral root of young 7-day-old transgenic seedlings (Figures 7O–R,V–Y, respectively). Reporter expression was also observed in the veins of mature leaves and leaf sheaths (Figures 7S–U,Z–AB, respectively). In the intercalary meristem samples, GUS was observed in the intercalary meristematic region (at the leaf and leaf-sheath junction) and the auricle (Figures 7S,Z). This expression pattern was very different from that observed in either the untransformed control plants or the –1290..425 transgenics (Figures 7E,L, respectively). In the samples from –78..425, low-level GUS expression was observed in the intercalary meristem zone between the leaf and the leaf sheath (Figure 7AG) similar to that observed in untransformed control plant samples with no GUS expression in the auricle (Figure 7E). No GUS expression was observed in the remaining vegetative tissues examined for the –78..425 construct (Figures 7AC–AF,AH–AI).
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FIGURE 7. Analysis GUS expression in vegetative tissues from young and mature WT and transgenic plants. The panel shows whole mounts of GUS-stained leaf (L), leaf-sheath (LS), root tip (RT), and lateral root (LR) from 7-day-old seedling and intercalary meristem (IM), leaf (L), and leaf-sheath (LS) from mature plants, (A–G) WT, (H–N) −1290..425, (O–U) −618..425, (V–AB) −355..425, and (AC–AI) −78..425 transgenic rice plants. Samples were photographed using a Leica Mz12.5 Stereozoom microscope. In 7-day-old-seedling samples, the scale bar represents 0.5 mm in L, LS, and LR samples and 0.2 mm in RT, in samples from mature plant 2 mm in IM, and 0.5 mm in L and LS.


The reporter gene expression profiling in all four URR:GUS fusion constructs in rice revealed three patterns. The first pattern, seen in –1290..425:pMDC164 lines, was similar to untransformed control WT plants, where the reporter gene expression was visible in neither the vegetative nor reproductive tissues studied. However, there was a slight non-specific GUS in the intercalary meristem region. The second pattern was observed in the –618..425:pMDC164 and –355..425:pMDC164 lines. In these lines, the expression was similar to that of the native M29 (Yin and Xue, 2012; Nayar et al., 2013) in seed stages, but unlike in WT, the GUS expression in these URR deletions was also observed in vegetative stages. The –78..425:pMDC164 lines exhibited the third pattern where the reporter gene expression was observed only in the mature endosperm, specifically at the 14 DAP stage, unlike in any other construct analyzed. These GUS reporter patterns are summarized in Figure 8. To ensure that the lack of GUS expression in the –1290..425 construct in either vegetative or reproductive tissues was not a result of any cloning error, we got the entire 1.7 kb insert sequenced but found no conflicts with the reference sequence on RAP-DB (Rice Annotation Project, 2007), indicating that the lack of GUS activity might arise from the inability of the –1290..425 region to drive the expression of a downstream reporter gene.
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FIGURE 8. Diagrammatic representation of GUS expression patterns obtained in WT and transgenic plant tissues. Illustrations depicting a summary of patterns of GUS expression obtained in WT, and –1290..425, –618..425, –355..425, and –78..425 transgenic plants. Here, GyMF, gynoecium of mature floret; DAP, days after pollination; LR, lateral root; VB, vascular bundle; RT, root tip; L, leaf; Li, ligule; A, auricle; IM, intercalary meristem; LS, leaf sheath; Sti, stigma; Sty, style; O, ovary; P, pericarp; En,- endosperm; Em, embryo. The diagrams have not been drawn to scale.




Fluorometric Estimation of Reporter Activity in Transgenic Plants

To better understand and quantify the transcriptional strength of the URR deletions, we measured GUS activity in transgenic plants using the MUG assay (Jefferson, 1987; Figure 9). GUS activity was not observed for the –1290..425 construct besides the slight activity in the intercalary meristem similar to WT plants. The expression profiles of –618..425 and –355..425 URRs in seed tissues mimicked that of the native M29 (Yin and Xue, 2012; Nayar et al., 2013), suggesting that these two regions contained necessary cis-elements to drive post-fertilization expression of downstream sequences in seeds. However, the added expression in vegetative tissues suggested the presence of suppressor/negative elements in the native URR that prevented its expression in vegetative tissues. The lowest GUS activity was observed in the –78..425 construct where weak signals were obtained in the 14 DAP seed samples and none in any other tissue sample tested. Three biological replicates were used for each sample for the fluorometric quantitation of GUS activity.
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FIGURE 9. Quantitative measurement of GUS activity during different stages of development. Bar graph showing GUS activities obtained for –1290..425, –618..425, –355..425, and –78..425 constructs. The GUS activity measured in the WT was used as a control. YR and YS, young root and young shoot from 7-day-old light-grown seedlings; ML, mature leaf; LS, leaf sheath; IM, intercalary meristem from ∼ 60-days-old plants. Reproductive stages are represented by GyMF, gynoecium of mature floret; and seeds from 0–20 days after pollination (DAP) stages. The GUS activity is represented as μM of 4-MU/mg protein/h. Data represent information obtained from three biological replicates. Error bars represent the standard error.




Induction of M29 Upstream Regulatory Region Activity by Exogenous Application of Indole-3-Acetic Acid

An earlier study by Yin and Xue in 2013 indicated the involvement of auxin in the transcriptional regulation of M29. In their study, WT ZH11 ovaries were cultured on media with and without exogenous auxin to show that the expression of M29 increased in the ovaries cultured on auxin-supplemented media. To identify the cis-elements involved in the auxin-mediated induction of M29 expression, we tested 7-day-old T3 generation transgenic seedlings harboring –618..425 and –78..425 constructs (Figure 10A) along with WT untransformed seedlings for the induction of GUS activity after exogenous application of IAA. The –355..425 construct was not included in this study because the GUS expression profile in these lines was highly similar to those with the –618..425 construct. The –78..425 construct was used as a control in this study as it is unable to drive reporter expression like the –618 and –355 constructs. For this analysis, 7-day-old T3 transgenic and WT untransformed control seedlings were grown hydroponically in controlled conditions and treated with 50 μM IAA (Jain and Khurana, 2009) supplemented in Rice Growth Medium (RGM) (Yoshida et al., 1976) and incubated for 1 and 3 h. Mock-treated samples were used as controls. GUS activity post treatment was measured in terms of accumulation of 4-methylumbelliferone (4-MU), μM of 4-MU/mg protein/h. The GUS activity observed in mock and auxin-induced samples is depicted in Figure 10B. Three biological replicates were taken for each sample in the study. As expected, the WT did not show any GUS activity. The –78..425 construct showed minor induction by IAA. However, –618..425 samples showed a significant induction of 1.79 fold (p-value < 0.001) after 1 h and 1.75 fold (p-value < 0.001) 3 h after IAA treatment. The levels decline after 3 h, probably due to supraoptimal levels of auxin in the system. Our data indicate that the auxin-responsive cis-elements in the M29 URR from –78 to –618 region are functional and responsive to auxin and may be involved in auxin-mediated transcriptional regulation of M29.
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FIGURE 10. Effect of addition of exogenous auxin on the GUS activity in 7-day-old WT and transgenic plants harboring –618..425:pMDC164 and –78..425:pMDC164 constructs. (A) Diagrammatic representation of the –618..425 and –78..425 regions showcasing the auxin-responsive elements, AuxRE and D4 elements. (B) A bar graph showing GUS activity as μM of 4-MU/mg protein/h in response to exogenous IAA- and mock-treated plants. Fold changes in GUS activity between mock and auxin-induced samples for –618..425:pMDC164 construct have been indicated. Data represent information obtained from three biological replicates. Three asterisks represent Student’s t-test p-value < 0.001, and standard error is represented as error bars.




Characterization of a Distal Negative Element

As described above, GUS activity was not observed in any of the tissues at any developmental stage when the –1290..425 region of the URR was used to drive the expression of the downstream GUS reporter gene in transgenic rice plants. However, deletion of the –1290..–619 region restored the promoter activity, resulting in GUS expression in both vegetative and reproductive tissues. These data suggest the presence of a distal negative regulatory domain/element in the –1290..–619 region. To understand the nature and strength of this putative negative regulatory domain, we analyzed the effect of the –1290..–619 (NE1) region and its four serial deletions, namely, –1103..–619 (NE2), –956..–619 (NE3), –845..–619 (NE4), and –730..–619 (NE5), on the activity of a heterologous (2x Cauliflower Mosaic Virus 35S; 2x CaMV 35S) promoter driving a GFP (mGFP) CDS. The expression of RFP driven by another 2x CaMV 35S promoter in the same vector backbone was used as a control (Figure 11A and Supplementary Figures 3A,B). These reporter constructs were transiently expressed in onion peel cells by particle bombardment, and the ratios of fluorescence intensities (as measured under a confocal laser scanning microscope) of both the reporters (GFP/RFP) were taken as the measure of the strength of the negative element. The results of these experiments showed that the NE1 region was able to downregulate the activity of the 2x CaMV 35S promoter by 90.56% (Figure 11B). However, in the case of the other four serial deletion constructs (NE2, NE3, NE4, and NE5) the downregulation in GFP expression was limited to 16.28, 13.27, 21.09, and 30.38%, respectively (Figures 11B,C). These results are suggestive of the presence of a strong NE in the 186 base pair region between –1,290 and –1,104, while minor NE activities may exist in the region spanning between –1,104 and –619 nt in the M29 URR.
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FIGURE 11. Characterization of the distal negative element. (A) The constructs used for the bombardment in the onion peel cells. (B) The scatter plot constructed using the online tool PlotsOfData (https://huygens.science.uva.nl/PlotsOfData/) shows the measured GFP/RFP ratio of the control vector containing both the GFP and RFP under same but individual 2x CaMV 35S promoter and the vectors containing the sequential deletions of the negative element region, from –1290..–619. The readings of the control vector samples were normalized to 1, and for the other vectors, the values were scaled accordingly. The percentage reduction is mentioned at the top of the graph for each corresponding construct. Here, N = 12, the asterisks represent Student’s t-test p-value, *** represents < 0.001, and * represents between 0.05 and 0.01. (C) Fluorescence images of onion peel cells bombarded with the mentioned constructs. Samples were visualized and photographed using the Leica SP5 confocal laser scanning microscope. Here, GFP, green fluorescent protein; RFP, red fluorescent protein; NE, negative element; and OL, overlay; the scale bar represents 25 μm. (D) The sequence of M29 URR from –1290..–619 used for the identification of negative elements showing the TCCAAAA motifs.


We also searched previously characterized negative regulatory cis-elements, including the GTACT motif reported in the moss system, Barbula unguiculata (Nagae et al., 2008), a TCCAAAA motif identified in watermelon (Yin et al., 2008), and a TGTGAGAGA motif reported in Arabidopsis (Simon et al., 2012) within the –1,290,–619 MADS29 URR. We identified three copies of the TCCAAAA motif in this region, of which two copies are located between –1,290 and –1,105 (one exact match and the other with only a single base change from A to T at the 7th position), and the third between –1,104 and –957 (Figure 11D). The third site also shows a single base difference at the 4th position (A to C). Although this element has been characterized in watermelon, it would be interesting to see if the same motif can downregulate the activity of the downstream promoter.




DISCUSSION

The transition from gametophytic to sporophytic phase leading to seed development after fertilization constitutes a landmark regulatory switch in the life cycle of haplodiplontic plants. This process involves a paradigm shift in gene expression patterns of hundreds of genes in a developmentally, temporally, and spatially regulated manner during the early stages of seed development (Sharma et al., 2012; Chen et al., 2014; Ma et al., 2019; Yi et al., 2019). Understanding the workings of regulatory components such as transcription factors and signal transduction components and their interactions with environmental and hormonal cues is the key to developing strategies for augmenting yield and nutritional value in cereal grains. M29 is a transcriptional factor that regulates starch biosynthesis during endosperm development in rice. It has also been found to be involved in the degradation of the nucellus and nucellar projection by regulating PCD (Yin and Xue, 2012). M29 also plays a role in embryo and endosperm development, as suppression of M29 expression by RNAi leads to wide-ranging deformities in embryos in these plants, preventing the seeds from germination (Nayar et al., 2013). Furthermore, M29 has also been implicated in shifting the auxin/cytokinin balance in favor of cytokinin. Probably for being involved in such vital aspects of postfertilization seed development, nature has devised complex and multiple-level controls for M29 expression.

M29 has been shown to express itself very specifically in the gynoecium of mature flowers and in different tissues of developing seeds at other time points. In seeds, the expression of M29 first appears in the dorsal vein in the 0–4 DAP period, and then the protein is shown to accumulate in the nucellar notch, followed by the outer cell layers of the endosperm. In the embryo, the M29 protein begins to accumulate from 6 DAP (Yin and Xue, 2012; Nayar et al., 2013). In this study, we analyzed the 1,715 bp URR spanning between –1,290 and + 425 nt of the M29 locus to delineate cis-elements that contribute to developmental and spatial gene expression patterns during the early stages of seed development in rice. We designed four deletion constructs of the M29 URR, i.e., –1290..425, –618..425, –355..425, and –78..425, in combination with the GUS reporter gene in the pMDC164 backbone.

Interestingly, we did not detect any GUS expression when the largest URR construct (–1290..425) was used. However, removing the distal 672 bp (i.e., from –1,290 to –619 bp) leads to robust GUS expression in both vegetative and reproductive tissues. This indicated the presence of a strong negative region in the distal promoter region. In seeds, the expression was found to mimic the RNA in situ and M29-immunolocalization profiles as the expression was restricted to the dorsal vein, embryo, and outer layers of the endosperm. However, non-specific GUS expression in leaves, roots, and floral glumes was also observed. This pattern of expression in vegetative and reproductive tissues continued even in the smaller –355..425 construct. However, in the case of the –355..425 construct, the GUS expression was restricted to the dorsal and ventral veins and outer endosperm cell layers, as the embryo was devoid of any GUS expression in the early stages (until 14 DAP). Finally, the –78..425 URR activity was restricted to the inner cell layers of the endosperm, while minimal GUS activity was also observed in vegetative tissues. This could be a result of the endosperm-specific motifs present in the 5′-UTR of M29. Studies have shown non-specific GUS expression in vegetative tissues of promoter:GUS transgenic plants arising due to interference from a nearby CaMV 35S promoter (Yoo et al., 2005). The GUS expression observed in the vegetative tissues in our study could also result from such interference by a strong CaMV 35S promoter present within the pMDC164 T-DNA region, i.e., being used to drive the antibiotic resistance gene (Figure 2A).


Indole-3-Acetic Acid Induces M29 Expression

Various research groups have highlighted the role of auxin in embryo and endosperm development in both monocot and dicot model systems (Friml et al., 2003; Uchiumi and Okamoto, 2010; Abu-Zaitoon et al., 2012; Chen et al., 2014; French et al., 2014). The auxin biosynthesis-related genes are upregulated in developing rice embryos as early as 1 DAP (Uchiumi and Okamoto, 2010). In 2012, Yin and Xue provided evidence for induction of M29 expression by real-time PCR (RT-PCR) on WT-ZH11 ovaries supplied with exogenous IAA and 2,4-dichlorophenoxyacetic acid (2,4-D). In this study, we found several auxin-responsive elements in the M29 URR. To validate their functional response to auxin stimulus, the effect of exogenous IAA was analyzed on 7-day-old transgenic seedlings harboring –618..425 and –78..425 constructs. Our analysis revealed a significant increase in GUS activity in the –618..425 construct of 1.79 and 1.75 fold after 1 and 3 h after exposure to 50 μM IAA as opposed to the slight induction from the minimal –78..425 construct. Our data are consistent with the auxin-based induction of M29 expression reported by Yin and Xue in 2012 and demonstrate that the cis-elements, which we predicted between the –618..425 nt region, are functionally responsive to IAA (Figure 12). This further implies that the AuxREs in the region upstream of –78 are more effective in making the promoter more responsive to auxins. However, a detailed analysis of the predicted cis-elements by mutating the elements or making further deletions in this region coupled with a yeast one-hybrid screen would reveal the precise motifs and their corresponding protein partners which are involved in the auxin responsiveness of M29 expression.
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FIGURE 12. The transcriptional regulatory module of M29. Diagrammatic representation of transcription regulatory domains of OsMADS29 identified in this study.




Presence of Distal Negative Element(s) in M29 Upstream Regulatory Region

Negative or repressive elements may serve the purpose of preventing the illegitimate expression of crucial genes in undesirable cell/tissue types. The repression may be enforced or negated by way of a trans-factor acting downstream of a secondary messenger. For example, multiple GTACT motifs between –318 and –199 confer transcriptional repression of the iron superoxide dismutase (FeSOD) gene in response to copper in a moss, Barbula unguiculata (Nagae et al., 2008). Similarly, the proximal (from –472 to –424) and distal negative elements (from –986 to –959) harboring the TCCAAAA motif regulate seed-specific expression of the ADP-glucose pyrophosphorylase gene in watermelon by inhibiting its expression in leaves (Yin et al., 2008).

Our M29-URR:GUS fusion data revealed the presence of a putative repressor region between the –1,290 and –619 nt positions. Experiments involving dual promoter constructs driving GFP and RFP in the same vector backbone and placing four deletions (–1,103..–619, –956..–619, –845..–619, and –730..–619) of the putative negative regulatory region upstream of the promoter driving GFP helped in the further delineation of this region. These experiments helped in narrowing down the most effective negative regulatory region to a 186 bp region between –1,290 and –1,104 bases upstream of the M29 TSS. Similar approaches have been used in the past to ascertain the specific response of promoter regions and cis-elements appended to either a minimal or a complete 35S CaMV promoter with either luciferase or GUS reporter genes (Liu et al., 1990, 2020; Quayle et al., 1991; Treuter et al., 1993; Morita et al., 1998; Ishige et al., 1999).

Taken together, these data are indicative of a complex and modular architecture of the M29 URR, which includes (a) a distal negative region within the –1,290 to –619 nt region that suppresses the expression of M29 in both vegetative and reproductive tissues, (b) an auxin-responsive region within the –618 to –79 nt, and (c) the –78 to 425 nt region exhibiting minimal promoter activity along with expression specificity for the inner endosperm region. Our data also suggest that a cis-element(s) should exist to negate the repressive effect of the –1,290..–619 region in a seed-specific manner. Earlier, the GUS expression was observed in seeds and MFs in a similar experiment in which a –2.8 kb (∼2.35 upstream from TSS) URR region was analyzed for its promoter activity (Yin and Xue, 2012). The observed GUS activity in seeds with a longer URR is suggestive of an element within the –2,350 and –1,290 regions that can negate the repressive effect of the –1,290..–619 region. However, the observed GUS activity in floral tissues in the case of the −2.8 kb URR leaves scope for further investigation to delineate the promoter elements that contribute to the specificity of M29 URR in seed tissues. Taken together, both studies showcase the complex regulation of MADS29 expression in rice. The summary of our findings is depicted in Figure 12.




CONCLUSION

The data presented here point to a complex interplay of negative, positive, and auxin-responsive cis-elements in the URR of a transcription factor-encoding gene that regulates vital aspects of seed development in rice. The insights obtained from this study might therefore hint toward the possible existence of a similar arrangement of cis-regulatory modules in many other genes involved in early seed development in monocots.
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Supplementary Figure 1 | Cloning of M29 URR deletions. (I) Strategy for cloning M29 URR deletions in pMDC164 vector. (II) Here (A–C) M29 –1290..425, (D–F) M29 –618..425, (G–I) M29 –355..425, (J–L) M29 –78..425 PCR amplified and cloned into pENTR/D-TOPO entry vector and after mobilized into plant transformation Gateway destination vector pMDC164 resulting in the fusion of M29 URR inserts with a downstream GUS reporter, respectively. The identity of inserts was validated by restriction digestion using the appropriate pair of enzymes as mentioned on top of each lane.

Supplementary Figure 2 | Transformation of rice with pMDC164 constructs. (A) Diagrammatic representation of promoter-GUS fusion constructs in pMDC164 vector used for transformation of rice, highlighting the T-DNA region harboring the URR deletion inserts fused to a downstream GUS reporter and the CaMV 35S promoter-driven hygromycin antibiotic-selection gene. (B–F) Representative images of the stages of rice transformation; (B) embryonic half of mature rice seed inoculated in callus induction N6D medium, (C) 6-day old callus, (D) 21-day old callus showing white proliferating transgenic calli, (E) regenerating transgenic shoots, (F) plantlets with roots after 2-week induction of rooting on HF medium, and (G) mature transgenic plants.

Supplementary Figure 3A | Cloning strategy for characterization of negative element. Strategy for cloning of (A) the control construct and (B) the NE and its deletions harboring constructs.

Supplementary Figure 3B | Cloning of negative element constructs. (A) 2x CaMV 35S was PCR amplified and cloned in the pENTR/TOPO vector. It was then transferred to pMDC110 and pGWB653 via gateway cloning. (B) Cloning of 2x CaMV 35S:GFP:T cassette in the pBSK backbone via unidirectional restriction digestion-based method. (C) PCR amplification of 2x CaMV 35S:RFP:T with restriction enzyme sites in the primers and mobilizing the amplicon in pBSK:2x CaMV 35S:GFP:T vector by bidirectional restriction digestion based cloning. (D) PCR amplification of the NE1, NE2, NE3, NE4, and NE5 regions with NotI restriction enzyme sites in the primer and mobilizing it in pBSK:2x CaMV 35S:GFP:T_2x CaMV 35S:RFP:T vector via bidirectional restriction digestion based cloning.
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