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Orobanche and Striga are parasitic weeds extremely well adapted to the life cycle of their host plants. They cannot be eliminated by conventional weed control methods. Suicidal germination induced by strigolactones (SLs) analogs is an option to control these weeds. Here, we reported two new halogenated (+)-GR24 analogs, named 7-bromo-GR24 (7BrGR24) and 7-fluoro-GR24 (7FGR24), which were synthesized using commercially available materials following simple steps. Both compounds strongly promoted seed germination of Orobanche cumana. Their EC50 values of 2.3±0.28×10−8M (7BrGR24) and 0.97±0.29×10−8M (7FGR24) were 3- and 5-fold lower, respectively, than those of (+)-GR24 and rac-GR24 (EC50=5.1±1.32–5.3±1.44×10−8; p<0.05). The 7FGR24 was the strongest seed germination promoter tested, with a stimulation percentage of 62.0±9.1% at 1.0×10−8M and 90.9±3.8% at 1.0×10−6M. It showed higher binding affinity (IC50=0.189±0.012μM) for the SL receptor ShHTL7 than (+)-GR24 (IC50=0.248±0.032μM), rac-GR24 (IC50=0.319±0.032μM), and 7BrGR24 (IC50=0.521±0.087μM). Molecular docking experiments indicated that the binding affinity of both halogenated analogs to the strigolactone receptor OsD14 was similar to that of (+)-GR24. Our results indicate that 7FGR24 is a promising agent for the control of parasitic weeds.
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INTRODUCTION

The parasitic weeds Orobanche spp. (broomrapes) and Striga spp. (witchweeds) can feed through haustoria invading the roots of host plants (Musselman, 1980). They parasitize major crops, including maize (Zea mays), sorghum (Sorghum bicolor), rice (Oryza sativa), tomato (Lycopersicon esculentum), tobacco (Nicotiana tabacum), and sunflower (Helianthus annuus). Orobanche and Striga species infest more than 60 million hectares of farmland worldwide, resulting in the loss of billions of dollars each year (Chesterfield et al., 2020). For instance, approximately 1.34 million hectares of rain-fed rice field in Africa are infested with Striga, resulting in crop losses of more than USD100 million. These weeds cause economic pressure on millions of smallholder farmers (Parker, 2012; Rodenburg et al., 2016). These parasitic weeds are expanding their geographical range. Orobanche cumana was first reported on sunflowers in central Russia at the end of the 19th century. It spread over east Europe in a few decades along with the successful expansion of sunflower harvests. It is currently found in most of the main sunflower-producing countries in Eurasia, from Spain to China and is regarded as the most important biotic constraint for sunflower production (Rubiales, 2020).


Orobanche and Striga weeds are not effectively controlled by conventional methods, such as breeding resistant varieties, rotation, and herbicides (Hearne, 2009). Their plants produce tens of thousands of tiny seeds that remain viable and dormant for over 10years and lead to the formation of extensive seed stocks in the soil (Musselman, 1980). The seeds only germinate in response to specific germination signals, known as strigolactones (SLs), which are released in the rhizosphere by the host plants. Strigol was the first SL identified (Cook et al., 1967). Since then, more than 20 SLs have been isolated from host crop plants, including sorghum, maize, rice, and tobacco (Hauck et al., 1992; Siame et al., 1993; Xie et al., 2013). Molecules of these natural SLs are composed of a tricyclic lactone ring (ABC-ring) and a butenolide ring (D-ring) that are connected by an enol-ether linkage, where the bioactiphore for germination resides in the CD part (Zwanenburg et al., 2009; Zwanenburg and Blanco-Ania, 2018). Orobanche and Striga weeds need their plant hosts to survive. Hence, the application of SLs to soils infested with parasitic weeds is a promising alternative to stimulate suicidal seed germination before the crop is planted (Zwanenburg et al., 2016). However, natural SLs found in root exudates are available at picogram levels and have an unstable structure (Yoneyama et al., 2013). Therefore, synthetic analogs, such as GR24, GR7, GR5, Nijmegen-1, and T-010, were synthesized. They offer interesting prospects for eliminating parasitic weeds through suicidal germination (Zwanenburg and Blanco-Ania, 2018). However, most of the synthetic SL analogs promote less seed germination than natural SLs. Thus, modification of synthetic SL analogs for commercial application toward controlling parasitic weeds remains highly desirable. Here, we reported the synthesis of new SLs analogs and their effect on seed germination of parasitic weeds.



MATERIALS AND METHODS


General Experimental Procedure

All reactions requiring anhydrous or inert conditions were carried out under a positive atmosphere of argon in oven-dried glassware. Solutions or liquids were introduced into round-bottomed flasks using oven-dried syringes through rubber septa. All reactions were stirred magnetically using Teflon-coated stirring bars. If needed, reactions were warmed using an electrically heated silicon oil bath. Organic solutions obtained after aqueous workup were dried over MgSO4. The removal of solvents was accomplished using a rotary evaporator at water aspirator pressure. GR24 stands for rac-GR24, which was purchased from Shanghai Yuanye Biotechnology (Shanghai, China). Chemicals for the syntheses were purchased from Sigma-Aldrich (Shanghai, China).

NMR spectra were recorded on Bruker ADVANCE III (400MHz) spectrometers (Karlsruhe, Germany) for 1H NMR and 13C NMR. CD3OD and CDCl3 were used as solvents for the NMR analysis, with tetramethylsilane as the internal standard. Chemical shifts were reported upfield to TMS (0.00ppm) for 1H NMR and relative to CDCl3 (77.3ppm) for 13C NMR. Optical rotation was determined using a Perkin Elmer 343 polarimeter. HPLC analysis was conducted on an Agilent 1260 series instrument (California, America). Column chromatography was performed using silica gel Merck 60 (230–400 mesh). All new products were further characterized by HRMS. A positive ion mass spectrum of the sample was acquired on a Thermo LTQ-FT mass spectrometer (MA, United States) with an electrospray ionization source.



Synthesis of (+)-GR24

Small portions of potassium tert-butoxide (0.85g, 7.56mmol) were added to a solution of compound D (1.1g, 6.3mmol) and methyl formate (0.82ml, 9.45mmol) in anhydrous THF (15ml) at 0°C under nitrogen (Figure 1). The reaction mixture was stirred at 25°C until completion. THF was removed in vacuo. The resulting solid was solubilized in 20ml anhydrous DMF under N2. Bromobutenolide (1.67g, 9.45mmol) was added to this solution and the reaction mixture was stirred overnight. The reaction was quenched with saturated aqueous ammonium chloride (20ml). The reaction mixture was diluted with ethyl acetate (50ml) and washed with water (3×30ml). The organic extract was then washed with brine, dried with Na2SO4, and the solvent removed under vacuum. The residue was finally purified by silica gel column chromatography (eluent: petroleum ether/ethyl acetate=3:1, v/v) to give the(+)-GR24.

[image: Figure 1]

FIGURE 1. Synthesis of (+)-GR24.




Synthesis of (−)-epi-GR24

The synthetic protocol described for (+)-GR24 was carried out starting with compound E (1.1g, 6.3mmol; Figure 2) to yield a residue. The residue was finally purified by silica gel column chromatography (eluent: petroleum ether/ethyl acetate=3:1, v/v) to give the (−)-epi-GR24.

[image: Figure 2]

FIGURE 2. Synthesis of (−)-epi-GR24.




Synthesis of 7-bromo-GR24 and 7-fluoro-GR24

Compound A (10mmol of a ketone) and 15mmol of glyoxylic acid were added to a round bottomed flask (Figure 3). Then, the mixture was stirred at 95°C for 3h. The reaction mixture was dissolved in acetic acid (15ml) and water (5ml). Zinc dust (15ml) was added to the solution for 1h and the mixture was stirred for an additional 3h. The mixture was diluted with ethyl acetate and then filtered through celite. The filtrate was extracted with ethyl acetate, washed with brine, dried over Na2SO4, and concentrated under vacuum. The residue was purified by chromatography on silica gel using hexane:ethyl acetate (2:1, v/v) and 0.5% acetic acid as an eluent, resulting in 70% yield of compound B.

[image: Figure 3]

FIGURE 3. Synthesis of 7-bromo-GR24 (7BrGR24) and 7-fluoro-GR24 (7FGR24), respectively.


Compound B (5mmol) was dissolved in 15ml of anhydrous MeOH. Then, 15mmol of NaBH4 were added in small portions at 0°C under nitrogen. The reaction mixture was stirred at 25°C until the completion of the reaction. We carefully added 20ml of distilled water to the mixture. The solution was extracted three times with ethyl acetate and the combined organic phase was dried over Na2SO4, filtered, and concentrated under vacuum. The resulting solid was solubilized in 20ml anhydrous MeOH. TsOH (0.1mmol) was added to this solution and the reaction mixture was stirred at 75°C for 6h. MeOH was removed in vacuo. Then, 20ml of distilled water was added. The solution was extracted with ethyl acetate three times and the combined organic phase was dried over Na2SO4, filtered, and concentrated under vacuum. The residue was purified by chromatography on silica gel using hexane:ethyl acetate (3:1, v/v) and 0.5% acetic acid as eluents. It yielded 95% of compound C.

The protocol described for (+)-GR24 was performed starting with compound C (1.1g, 6.3mmol) to finally obtain a residue that was subjected to column chromatography, generating pure 7-bromo-GR24 (7BrGR24) and 7-fluoro-GR24 (7FGR24).



Germination Assays

Seeds of O. cumana were kindly provided by professor Yongqing Ma (North-west Agriculture & Forest University, Yangling, China). The assay was carried out in petri dishes according to a method previously reported by Kang et al. (2020). Prior to use, the seeds were sterilized for 8min in 1% sodium hypochlorite, soaked in 75% ethanol for another 1min, rinsed five times with sterile distilled water, and finally left to air dry on a clean bench. A sterile filter paper disk of 6mm in diameter was placed in each petri dish and wetted with 200μl of sterile distilled water. Then, aqueous solutions of the tested compounds (100μl per filter paper) were added. The sterile seeds were distributed on the paper disks at a density of approximately 65 seeds per dish. Finally, the sealed petri dishes were stored in the dark and incubated at 25°C for 14days. After the incubation, the percentage of germination were calculated with the assistance of a stereomicroscope. Compounds 7BrGR24 and 7FGR24 were assayed at concentrations of 1.0×10−6, 1.0×10−7, 2.0×10−8, 1.0×10−8, and 1.0×10−9M. Three petri dishes were used for each concentration, and assays were carried out three times. The compounds (+)-GR24, (-)-epi-GR24, and rac-GR24 were used as the positive control, and the filter paper disk added with 100μl of sterile distilled water was used as the negative control. The EC50 values of the tested compounds were calculated with probit tests using SPSS 21.0 software.



Yoshimulactone Green Assay

The assay was carried out according to a method previously reported by Tsuchiya et al. (2015). The stock solutions of yoshimulactone green (YLG), rac-GR24, (+)-GR24, (-)-epi-GR24 and the new SL analogs dissolved in DMSO (1ml, 1mM). Then, stock solutions were diluted with sterile distilled water to final concentrations of 50μM (YLG), and 20, 5, 2.5, 1, 0.5, and 0.1μM [rac-GR24, (+)-GR24, (-)-epi-GR24, and the new SL analogs]. Protein coding sequences for ShHTL7 were inserted into KpnI and HindIII sites of the pET32a(+) vector (Invitrogen, CA, United States) and transformed into the Escherichia coli strain BL21(DE3; TransGen Biotech, Beijing, China). Briefly, a single colony on the plate was inoculated into a 25ml sterilized LB medium containing 0.28mM ampicillin for 12h. Then, the cultures (1ml) were inoculated into 200ml of the same medium and the cells were grown at 37°C, shaken at 220rpm until an OD (600nm) of 0.6 is reached. We added 0.5mM isopropyl β-D-1-thiogalactopyranoside (IPTG) into the culture to induce protein expression at 16°C for 16h. The culture was centrifuged at 7,000rpm at 4°C for 5min to harvest bacteria. The pellet was suspended in 10ml PBS buffer (6.7mM PO4, pH 7.0) containing 1mM PMSF. The cells were lysed using sonication with 5s intervals and centrifuged at 12,000rpm at 4°C for 10min. The supernatant was filtered with a 0.45μm filter and the filtrate was added into a Ni-NTA column (TransGen Biotech, Beijing, China), which had been equilibrated with a PBS buffer. After the Ni-NTA column was washed three times with the PBS buffer, the column was eluted with a 15ml gradient of 20, 50, 100, and 300mM imidazole prepared in the PBS buffer. Fractions from 100mM eluant were pooled for the YLG assay.

The volume of each reaction solution (200μl) contained 5μl of YLG (50μM), 10μl of a dilution of an SL analog, 15μl of ShHTL7 protein (1.5mg/ml), and 170μl of PBS buffer. Reactions were carried out for 3h in the dark in a water bath at 26°C. The blank control contained water (10μl) instead of a dilution of the SL analog. Then, the reaction solutions were added to a 96-well black plate (Nest, Wuxi, China) and its fluorescent intensity was measured by SpectraMax i3 (Molecular Devices, CA, United States) at an excitation wavelength of 480nm and emission wavelength of 520nm. Relative fluorescence units (FU) were calculated as (k–k')/k, where k and k' are the fluorescence intensities of the blank control and a dilution of the SL analog, respectively. FU were used to calculate IC50 values with probit tests using SPSS 21.0 software.



Molecular Docking Experiment

The molecular modeling computational study was performed using Autodock vina 1.1.2 software. The crystal structure of rice DWARF14 (OsD14; PDB: 5DJ5) was used for the docking study. The grid box was set as a 20×20×20Å three cube and its center was set at the position of the original ligand GR24 (x=−30.72, y=14.69, and z=−21.23). The docking results were visualized by PyMol and Maestro12.7 (for 2D interaction).



Statistical Analysis

Data of seed germination and fluorescence-based competition assays were subjected to the ANOVA and differences among means were evaluated by the least significant difference test (p<0.05).




RESULTS AND DISCUSSION


Synthesis of SL Analogs

The main features of the synthesized compounds were as follow:

(+)-GR24: White solid, 0.65g, 35% yield, [α]D20=+449 (c=0.50, CHCl3). 1H NMR (400MHz, CDCl3) δ 7.51–7.49 (m, 2H), 7.35 (m, 3H), 7.00 (s, 1H), 6.21 (s, 1H), 5.95 (d, J=7.9Hz, 1H), 3.97–3.92 (m, 1H), 3.44 (dd, J=16.9, 9.4Hz, 1H), 3.11 (dd, J=16.9, 3.2Hz, 1H), 2.03 (t, J=1.4Hz, 3H). 13C NMR (100MHz, CDCl3) δ 171.44, 170.37, 151.27, 142.66, 141.16, 138.82, 135.83, 130.04, 127.49, 126.42, 125.18, 113.14, 100.71, 85.99, 38.85, 37.31, 10.73.

(-)-epi-GR24: White solid, 0.56g, 30% yield, [α]D20=−290 (c=0.50, CHCl3). 1H NMR (400MHz, CDCl3) δ 7.50–7.49 (m, 1H), 7.35–7.23 (m, 1H), 6.99 (s, 1H), 6.21 (s, 1H), 5.96 (d, J=8.0Hz, 1H), 3.97–3.92 (m, 1H), 3.42 (dd, J=16.9, 9.3Hz, 1H), 3.10 (dd, J=16.9, 3.1Hz, 1H), 2.03 (t, J=1.4Hz, 3H). 13C NMR (100MHz, CDCl3) δ 171.42, 170.40, 151.29, 142.69, 141.25, 138.76, 135.76, 130.05, 127.45, 126.34, 125.28, 113.26, 100.79, 86.00, 38.79, 37.42, 29.69, 10.74.

7BrGR24: White solid, mp 195–198°C, 0.83g, 37% yield. 1H NMR (400MHz, CDCl3) δ 7.66 (1H, d, J=1.2Hz, H-8), 7.51 (1H, d, J=2.5Hz, H-6'), 7.47 (1H, dd, J=8.0, 1.7Hz, H-6), 7.13 (1H d, J=8.0Hz, H-5), 6.97 (1H, m, H-3'), 6.21 (1H, m, H-2'), 5.93 (1H, d, J=8.0Hz, H-8b), 3.97 (1H, m, H-3a), 3.39 (1H, dd, J=17.1, 9.3Hz, H-4β), 3.08 (1H, dd, J=17.0, 3.1Hz, H-4α), 2.07 (3H, s, H-7'). 13C NMR(100MHz, CDCl3) δ 170.8 (C-2), 169.9 (C-5'), 151.1 (C-6'), 141.4 (C-8a), 141.1 (C-3'), 140.7 (C-4a), 136.0 (C-8), 134.4 (C-4'), 129.4 (C-5), 126.3 (C-7), 121.0 (C-6), 112.5 (C-3), 100.3 (C-2'), 85.2 (C-8b), 39.2 (C-4), 36.8 (C-3a), 10.8 (C-7'). HR-ESI-MS (m/z): calcd. For C17H13BrNaO5 398.9839; found 398.9835 [M+Na]+.

7FGR24: White solid, mp 183–186°C, 0.69g, 35% yield. 1H NMR (400MHz, CDCl3) δ 7.49 (1H, d, J=2.0Hz, H-8), 7.43 (1H, dd, J=8.4, 4.4Hz, H-6'), 7.01 (1H, m, H-5), 6.97 (1H, m, H-6), 6.88 (1H, m, H-3'), 6.22 (1H, s, H-2'), 5.88 (1H, d, J=7.9Hz, H-8b), 4.01 (1H, m, H-3a), 3.40 (1H, dd, J=17.2, 9.3Hz, H-4β), 3.07 (1H, dd, J=17.2, 3.1Hz, H-4α), 2.01 (3H, s, H-7'). 13C NMR (100MHz, CDCl3) δ 171.2 (C-2), 170.4 (C-5'), 165.1 (C-7), 151.4 (C-6'), 145.3 (C-8a), 141.2 (C-3'), 135.8 (C-4a), 134.8 (C-4'), 127.9 (C-5), 115.1 (C-8), 112.8 (C-6), 111.9 (C-3), 100.7 (C-2'), 85.0 (C-8b), 39.4 (C-4), 37.3 (C-3a), 10.7 (C-7'). HR-ESI-MS (m/z): calcd. For C17H13FNaO5 339.0639; found 339.0642 [M+Na]+.



Seed Germination Assay

Table 1 shows the impact of (+)-GR24, (-)-epi-GR24, rac-GR24, 7BrGR24, and 7FGR24 on the seed germination of O. cumana. (+)-GR24 and rac-GR24 showed a similar stimulatory effect (EC50=5.1±1.32–5.3±1.44×10−8M), whereas (-)-epi-GR24 had no effect. These results suggested strong stereospecificity in the SL perception of O. cumana. (+)-GR24 and (-)-epi-GR24 were diasteroisomers with opposite stereochemistry in the C-ring that is β- and α-oriented, respectively, and had the same 2'-R configuration of the D-ring. Indeed, parasitic plant species also vary considerably in their germination responses to different SLs (Wang and Bouwmeester, 2018; Bouwmeester et al., 2021). In general, the 2'-R configuration of the D-ring has been confirmed essential for SLs germination activity, and stereochemistry in the C-ring is considered to be closely related to the activity (Thuring et al., 1997a,b; Xie et al., 2010). The use of (+)-GR24 and (-)-epi-GR24 in germination tests could provide profound clues about the general stereochemical adaptation of parasitic weeds for the perception of strigol-like (β-oriented C-ring) and orobanchol-like (α-oriented C-ring) SLs, respectively. These are the two families of natural canonical SLs currently known (Scaffidi et al., 2014; Ueno et al., 2014; Xie, 2016). Seed germination responsiveness reported for either (+)-GR24 or (-)-epi-GR24 exhibited strong variations among the parasitic weed species. For example, Striga hermonthica and Orobanche crenata germinated when exposed to (+)-GR24 or (-)-epi-GR24 at concentrations between 1×10−5 and 1×10−9M (Thuring et al., 1997b; Ueno et al., 2011). However, S. hermonthica was generally more responsive to (+)-GR24 than O. crenata at low concentrations. (-)-epi-GR24 showed lower activity compared to (+)-GR24 on both weed species irrespective of the concentration tested (Thuring et al., 1997b). In contrast, Orobanche minor seed showed a higher germination rate when exposed to orobanchol (orobanchol-like SLs) compared with strigol (strigol-like SLs; Xie et al., 2010). Furthermore, S. hermonthica could respond to 36 stereoisomers of the naturally occurring SLs including both strigol-like and orobanchol-like SLs, while Striga gesnerioides only responded to three orobanchol-like SLs of them (Nomura et al., 2013). These facts comfirmed that some parasitic plant species possessed the strict structural requirements of SLs for induction of germination (Ueno et al., 2011). The differential responsiveness of the parasitic plant species to SLs could be an adaptation to avoid being triggered to germinate by non-host plants (Nomura et al., 2013). Hence, the specific stereochemistry recognition of SLs analogs observed for O. cumana in this work was likely due to its host specificity, which was restricted to a short number of plant species (Fernández-Aparicio et al., 2011).



TABLE 1. Values of half-maximal effective concentration (EC50) calculated for germination of Orobanche cumana seeds exposed to increasing concentrations of (+)-GR24, (−)-epi-GR24, rac-GR24, and the halogenated (+)-GR24 analogs.
[image: Table1]

The A-ring and B-ring in SLs can be modified through methylation, hydroxylation, epoxidation, or ketolation, giving rise to the structural plasticity of SLs that often results in changes in their biological activity (Thuring et al., 1997c; Boyer et al., 2012; Al-Babili and Bouwmeester, 2015). In the case of 7BrGR24 and 7FGR24, halogenation of the A-ring at the C-7 increased the germination of O. cumana 3- and 5-fold, respectively, compared to (+)-GR24 (p<0.05). Hence, the 7FGR24 showed the highest promotive activity achieving germination of 62.0±9.1% at 1.0×10−8M and reaching 90.9±3.8% at 1.0×10−6M. Previous reports indicated that the incorporation of substitutions in the A-ring and varying sizes of the side groups modified the promotive activity of the (+)-GR24 molecule on the germination of parasitic seeds. For example, (+)-GR24 analogs monohydroxylated in the A-ring from C-8 to C-5 were reported less active than (+)-GR24 on S. hermonthica, with a stronger fall in activity, when the hydroxyl group was closer to the bioactiphore part of the molecule (Ueno et al., 2011). However, the introduction of a hydroxyl group on the A-ring enhanced the germination-stimulating activity on O. minor, where a hydroxyl group is preferable at C-9 instead of at C-5 (Kim et al., 2010). Furthermore, the 6-methyl substituent on (+)-GR24 resulted in higher percentages of germinated O. crenata seeds (Wigchert and Zwanenburg, 1999). Moreover, bulky side groups joined to the A-ring also reduced the activity of SL analogs more than small groups (Cohen et al., 2013). Accordingly, the germination-stimulating activity of SLs depended on both the position and size of the substituent on A-ring. Although, a few of reports declared the introduction of substituent such as iodine atom to the A-ring at the C-7 reduced the activity of SL analogs on O. crenata and Pisum sativum (Thuring et al., 1997c; Boyer et al., 2012). In our results, 7FGR24 showed higher activity. It might be due to the fact that both the A-ring halogenation at the 7-C position, which was far from the GR24 bioactiphore and the small size of the fluorine atom likely favored a high affinity of 7FGR24 to the active site of SLs receptors of O. cumana.



YLG Assay

(+)-GR24 and its halogenated analogs showed binding affinity to ShHTL7, an SL receptor found in the parasitic plant S. hermonthica, with a high affinity to SLs (Tsuchiya et al., 2015). Binding affinity was tested by an in vitro fluorescence-based competition assay involving YLG. The YLG was a small probe that emits fluorescence only after the hydrolysis, which was catalyzed by ShHTL7. A decrease in FUs showed the competition for receptor binding between a fixed YLG concentration and increasing concentrations of the SL analog. The halogenated GR24 analogs 7BrGR24 and 7FGR24 tested at concentrations between 2.5 and 20μM showed approximately 0.1 FU, which were similar to those recorded for (+)-GR24 and rac-GR24 (Figure 4). The FU of 7FGR24 were below 0.34 as in the case of (+)-GR24 and rac-GR24, even at a concentration range from 0.5 to 1.0μM. Moreover, 7FGR24 tested at 0.1μM was 0.72 FU, which was significantly lower than 0.81 and 0.92 FU recorded for rac-GR24 and (+)-GR24, respectively (p<0.05). Probit analysis based on FUs indicated that 7FGR24 was the strongest competitor tested (IC50=0.189±0.012μM), followed by (+)-GR24 (IC50=0.248±0.032μM), whereas rac-GR24 and 7BrGR24 had a lower affinity for ShHTL7 with IC50 values of 0.319±0.032 and 0.521±0.087μM, respectively. Consistent with this, the substituent at C-8 also showed higher affinity for ShHTL7 (Tsuchiya et al., 2015). Although, the 7BrGR24 posed lower affinity, as compared to (+)-GR24, which was inconsistent with seed germination activity. The discrepancy could be due to the fact that the that ShHTL7 protein was derived from a Striga ssp. not an Orobanche ssp., both of which could respond differently to 7BrGR24.
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FIGURE 4. Relative fluorescence unit (FU) values were recorded for rac-GR24, (+)-GR24, and the halogenated (+)-GR24 analogs when tested at several concentrations in the yoshimulactone green (YLG) assay. IC50 values for these strigolactone (SL) analogs were calculated. Values represent means±SD (n=4).




Molecular Docking Assays

Rice DWARF14 (OsD14) was selected for docking studies in order to understand how the SL analogs interacted with the SL receptor. SLs receptors were AtD14 paralogs forming part of the α, β-fold hydrolases family, which not only binded to the SL molecules but also cleaved them into their ABC-ring and the D-ring parts (Hamiaux et al., 2012). They were structurally similar and had a conserved catalytic pocket consisting of a triad of serine, histidine, and aspartate (Yao et al., 2016). The docking analyses indicated that (+)-GR24 and the halogenated (+)-GR24 analogs could smoothly enter the binding pocket of the OsD14 protein (Figure 5). Their D-rings acquire the same orientation predicted for (+)-GR24 during its interaction with the receptor (Trott and Olson, 2010; Figure 5D). As shown in Figure 5B, the carbonyl oxygen in the D-ring of 7FGR24 formed hydrogen bonding forces with Ser97 and Hip247, which were part of the OsD14 catalytic triad. The polar connection between the hydroxyl hydrogen atom in Ser97 and the carbonyl oxygen in the D-ring of SLs was a key step required for the successful hydrolysis of SLs (Kagiyama et al., 2013). Further predictions obtained for these two hydrogen bonds in the enzyme-catalyzed reactions revealed that their distances and positions were similar to those expected for the ligation of (+)-GR24 (Figure 5C). This should be responsible for the high biological activity observed in 7FGR24. It was worth noting that, the fluorine atom could modify physicochemical properties of the GR24 analog, such as pKa and lipophilicity, improving its permeability through cell membranes (Purser et al., 2008). Moreover, as shown in Figure 5F, the posture of the D ring in 7FGR24 was obviously more similar to the original ligand of the crystal structure-GR24, which meant that 7FGR24 could be more conducive to hydrolysis, compared to 7BrGR24. Furthermore, these different postures could be related to the distinct atomic radii and electronegativities of observed between atoms F and Br.
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FIGURE 5. Docking modes of (−)-epi-GR24 and the halogenated (+)-GR24 analogs with OsD14. (A) Pocket location of OsD14 when 7FGR24 combined on it. (B) Spatial position and interaction force between 7FGR24 and important amino acid residues in the active pocket. (C) The distance of the polar connection between the 7FGR24/(+)-GR24 and Ser 97 and His 247. (D) The halogenated (+)-GR24 analogs in the active pocket (the yellow sticks in the pocket are SER97). (E) 2D view of 7FGR24 in the catalytic site of OsD14. (F) Comparison of binding postures of 7FGR24, 7BrGR24, and (+)-GR24. (G) Two ways of connecting (−)-epi-GR24 to active pocket. The (−)-epi-GR24 is shown as yellow and purple sticks, 7BrGR24 as orange sticks, 7FGR24 as blue sticks, and the original ligand of OsD14 – (+)-GR24 as green sticks.


In addition, we also conducted docking experiments on (-)-epi-GR24, which was inactive on seed germination. The (-)-epi-GR24 had two main binding poses differing from each other in the location of the D-ring. One pose showed the D-ring into the active site, while the other revealed the ABC-ring positioned into the active pocket with its D-ring in an outer location (Figure 5G). In both cases, D-ring orientation was different from the expected during (+)-GR24-OsD14 interaction. Binding energies calculated for the poses of (-)-epi-GR24 were near to the binding energy predicted for (+)-GR24. Hence, both bindings of (-)-epi-GR24 were possible, although, the D-ring would be not properly oriented for the hydrolytic cleavage at the enol–ether bond catalyzed by OsD14. In addition, the docking analyses for (+)-GR24 and 7BrGR24 were similar to those obtained for 7FGR24.




CONCLUSION

Two halogenated (+)-GR24 analogs (7BrGR24 and 7FGR24) were synthesized through a relatively short number of synthetic steps and their promotive effect were tested on seed germination of O. cumana. Both stimulated its germination and showed a binding affinity for the SL receptor protein ShHTL7. However, 7FGR24 was the strongest germination promoter tested and had the highest binding affinity to ShHTL7. Molecular docking assays supported structural features of 7FGR24, which explained the higher activity compared to that of rac-GR24 and (+)-GR24. Our results indicate that 7FGR24 is a promising agent for the control of parasitic weeds.
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Identification of Conserved and Divergent Strigolactone Receptors in Sugarcane Reveals a Key Residue Crucial for Plant Branching Control
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Strigolactones (SLs) are a class of important plant hormones mainly regulating plant architecture such as branching, which is crucial for crop yield. It is valuable to study SL signaling pathway and its physiological function in sugarcane, the most important sugar crop, for further molecular breeding. Here, two putative SL receptors SsD14a/b and the interacting F-box protein SsMAX2 were identified in Saccharum spontaneum. SL induced both SsD14a and SsD14b to interact with SsMAX2 in yeast. SsD14a, but not SsD14b, could bind with AtMAX2 and AtSMXL7/SsSMXL7. Overexpression of SsD14a or SsMAX2 rescued the increased branching phenotypes of Arabidopsis thaliana d14-1 or max2-3 mutants, respectively. Moreover, the crystal structure of N-terminal truncated SsD14a was solved, with an overall structure identical to AtD14 and OsD14 in the open state, consistent with its conserved branching suppression capacity in Arabidopsis. In line with the biochemical observations, SsD14b could not completely complement in d14-1 although these two SsD14 proteins have almost identical primary sequences except for very few residues. Complement with the combination of SsD14b and SsMAX2 still failed to rescue the d14-1 max2-3 double mutant multi-branching phenotype, indicating SsD14b–AtSMXL7 complex formation is required for regulating branching. Mutagenesis analyses revealed that residue R310 at α10 helix of SsD14a was crucial for the binding with SsSMXL7/AtSMXL7 but not SsMAX2. The site-equivalent single-residue P304R substitution enabled SsD14b to bind with AtMAX2 and AtSMXL7/SsSMXL7 and to rescue the phenotype of d14-1 max2-3 together with SsMAX2. Moreover, this conserved Arg residue across species including rice and Arabidopsis determined the activity of SL receptors through maintaining their interaction with SMXL repressors. Taken together, our work identified conserved and divergent strigolactone receptors in sugarcane core SL signaling pathway and revealed a key residue crucial for plant branching control.
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INTRODUCTION

Strigolactones (SLs), which function as novel phytohormones in plant branching control (Gomez-Roldan et al., 2008; Umehara et al., 2008), promote the germination of root parasitic weeds (Cook et al., 1966) and regulate the symbiosis of arbuscular mycorrhizal fungi (Akiyama et al., 2005). SL biosynthesis and signaling pathway have become one of the most important and interesting research areas in recent years (Burger and Chory, 2020). Nowadays, enormous efforts have been made in studying SL signaling pathway. Several key components have been characterized, including receptor DWARF14 (D14), F-box protein MORE AXILLARY GROWTH2 (MAX2) and SUPPRESSOR OF MORE AXILLARY GROWTH2-LIKE-6 (SMXL6), SMXL7, and SMXL8 (Stirnberg et al., 2007; Umehara et al., 2008; Arite et al., 2009; Jiang et al., 2013; Stanga et al., 2013; Zhou et al., 2013). Different from other receptors, which could only sense hormone molecules, the receptor D14 have dual roles to sense and hydrolyze SL, demonstrating a brand-new function mode (Nakamura et al., 2013; Jia et al., 2014; de Saint Germain et al., 2016; Yao et al., 2016; Hu et al., 2017; Shabek et al., 2018; Marzec and Brewer, 2019; Seto et al., 2019; Lee et al., 2020). As a bifunctional receptor for SL, D14 is an α/β hydrolase with a complete catalytic triad, S97-H247-D218 (in Arabidopsis). The catalytic triad undergoes conformational change and hydrolyzes the four-ring complete SL molecules into two final products containing ABC-ring and D-ring, respectively (Kagiyama et al., 2013; Zhao et al., 2013; Yao et al., 2016; Hamiaux et al., 2018). During the hydrolysis of SL, D14 covalently binds to the D-ring at the catalytic center, then it associates with downstream protein MAX2/D3 to form D14–MAX2/D3 SCF E3 complex. This ubiquitin ligase complex will recruit the downstream transcription repressors SMXL6/7/8/D53, leading to the degradation of SMXLs/D53 through the 26S proteasome pathway (Hamiaux et al., 2012; Jiang et al., 2013; Yao et al., 2016; Wang et al., 2020). Thus, the downstream target genes, such as Ideal Plant Architecture 1 (IPA1) (Song et al., 2017) which inhibited by D53, would be released to regulate plant branching. Undoubtedly, the interaction with MAX2 and SMXLs by D14 is the core to turn the transduction system on (Jiang et al., 2013; Zhou et al., 2013; Soundappan et al., 2015; Wang et al., 2015; Yao et al., 2016; Khosla et al., 2020).

As the main sugar crop, sugarcane (Saccharum hybrid) has great economic value (Tuma, 1987; Zhang et al., 2012). Modern commercial sugarcane varieties are derived from hybrids between Saccharum officinarum L. and Saccharum spontaneum L. The yield of Saccharum is usually determined by the total number of effective stems and the average single stem weight. Thus, promoting tillering and improving effective tillers are key to increase production (Aitken et al., 2008; Tena et al., 2016; Glassop et al., 2021). As an important parent, S. spontaneum is a representative material for sugarcane research, providing the toughness, disease resistance, and regeneration of modern sugarcane, making S. spontaneum an important material for SL signaling study.

Here, we studied the function of core SL signaling components from S. spontaneum, identified two putative SL receptors with conserved and divergent capabilities to regulate plant branching, respectively, and revealed a key residue crucial for recruiting downstream signaling component and SL responses.



MATERIALS AND METHODS


Generation of Transgenic Plants

The modified vector pCAMBIA1300-cFlag (Yao et al., 2016) carrying the full coding sequence of Arabidopsis thaliana D14 (AtD14), S. spontaneum D14b (SsD14b), N-terminal (amino acids 1–49) truncated S. spontaneum D14a (SsD14aΔN), N-terminal (amino acids 1–44) truncated S. spontaneum D14b (SsD14bΔN) and S. spontaneum MAX2 (SsMAX2) under the control of the CaMV 35S promoter was introduced into the Atd14-1 (Salk_057876) (Waters et al., 2012) or Atmax2-3 (Salk_092836) (Jia et al., 2014) mutant by using the Agrobacterium-mediated floral dip method.

Similarly, we used GoldenBraid 2.0 system (Addgene1) (Sarrion-Perdigones et al., 2013) to construct binary plant expression vectors: 35S:SsD14b–35S:SsMAX2 (P35s:SsD14b:Tnos–P35s:SsMAX2:Tnos–Pnos:NptII:Tnos), 35S:SsD14bP304R–SsMAX2 (P35s:SsD14bP304R:Tnos–P35s:SsMAX2:Tnos–Pnos:NptII:Tnos), and 35S:AtD14–35S:AtMAX2 (P35s:AtD14:Tnos–P35s:AtMAX2:Tnos–Pnos:NptII:Tnos), which were introduced into the Atd14-1 Atmax2-1 double mutant, respectively, to generate transgenic plants. The primary rosette branching numbers were counted for 5-week-old plants, which were germinated on plates and grown in soil under a light/dark photoperiod of 16 h/8 h at 22°C.



Yeast Two-Hybrid Assays

To construct plasmids for yeast two-hybrid (Y2H) assays, the CDS of SsD14a/b and SsD14a/b truncations (SsD14aΔN49 and SsD14bΔN44) were cloned into yeast expression vector pGBKT7 to generate BD-SsD14a/b and BD-SsD14a/b-ΔN, and we also constructed the mutations BD-SsD14aR310P and BD-SsD14bP304R. Similarly, we obtained BD-OsD14 and BD-OsD14ΔN53. The CDS of SsMAX2, AtMAX2, and AtSMXL7 were cloned into pGADT7 to make Gal4 DNA activation domain (AD) constructs, respectively. Y2H assays were performed using the Yeastmaker Yeast Transformation System 2 (Clontech, United States). In brief, yeast strain AH109 cells were co-transformed with specific bait and prey constructs and coating on selective growth medium SD/-Leu/-Trp for 3 days at 30°C, pick the positive constructs into liquid-selective growth medium SD/-Leu/-Trp for 36 h at 30°C, 200 rpm. Washed yeast cells three times and diluted, make sure OD600 reached 2.5, then serial 10-fold dilutions of yeast cultures were spotted onto selective growth medium that was supplemented with 5 μM rac-GR24 or dimethyl sulfoxide (DMSO). All yeast transformants were grown on selective growth medium at 30°C, 4 days.



Expression and Purification of SsD14aΔN

The positive clones of SsD14aΔN (residues 1–49) proved by DNA sequencing were transformed into Escherichia coli strain BL21 (DE3) for protein expression. Kanamycin-resistant colonies were picked to grow in the Luria–Bertani (LB) medium (10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract) at 37°C until OD600 reached 0.6–1.0. Then 0.5 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) was added to induce protein expression at 16°C for 18 h. The cell pellet was resuspended in phosphate-buffered saline (PBS) buffer containing 30 mM imidazole, and homogenized by using an ultrahigh pressure cell disrupter (JNBIO, Guangzhou, China). The lysate was centrifuged at 15,000 rpm for 1 h, and soluble proteins were loaded onto the Ni-NTA column. Target proteins were eluted by the PBS buffer containing 300 mM imidazole. The eluted SsD14aΔN (residues 1–49) was further purified by SuperdexTM75 (GE Healthcare, United States) at 16°C with the buffer containing 150 mM NaCl, 2 mM MgCl2, 20 mM Tris pH 8.0, and 10% glycerol.



Crystallization, Data Collection, and Structure Determination

Purified SsD14aΔN (residues 1–49) (roughly 10 mg/ml) were dissolved in the buffer containing 150 mM NaCl, 2 mM MgCl2, 20 mM Tris pH 8.0, and 10% glycerol. The crystals of SsD14aΔN (residues 1–49) were obtained using the hanging-drop method by mixing 1 μl protein with equal volume of reservoir solution containing 0.01 M magnesium chloride hexahydrate, 0.05 M Tris hydrochloride pH 7.5, 5% v/v 2-Propanol at 16°C for 1 week. The data of the SsD14aΔN (residues 1–49) crystal were collected on beamline BL17U1 at Shanghai Synchrotron Radiation Facility (SSRF) and processed by XDS (20124692). The structure of SsD14aΔN (residues 1–49) was determined by molecular replacement, using the structure of OsD14ΔN (residues 1–51) (PDB ID: 3VXK) as the initial searching template. Model building and structural refinement were performed by using COOT (20383002) and PHENIX (22505256), respectively. In the final model, more than 97% residues fall in the favored region in the Ramachandran plot, and the final Rwork/Rfree is 0.1914/0.2275. Data collection and refinement statistics are summarized in Table 1. The atomic coordinates and structure factors have been deposited in the Protein Data Bank.


TABLE 1. Data collection and structure refinement statistics.
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RESULTS


Identification of D14 Orthologs in Saccharum spontaneum

The SL biosynthesis and core signaling pathways have been thoroughly studied in many plant species including Arabidopsis thaliana and Oryza sativa (Figure 1A), but remain to be investigated in sugarcane. To identify and investigate the SL receptor(s) D14 in S. spontaneum (SsD14), we searched Saccharum Genome Database (SGD)2 (Zhang et al., 2018) using BLAST with Arabidopsis thaliana D14 (AtD14) and Oryza sativa D14 (OsD14) as queries to obtain the predicted sequences of D14 orthologs from S. spontaneum. Accordingly, we found two putative D14 orthologous genes SsD14a (Sspon.001B0005800) and SsD14b (Sspon.001B0005830) in S. spontaneum.
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FIGURE 1. Phylogenetic analysis and sequence alignment of D14 orthologs. (A) A simplified model for SL biosynthesis and core signaling pathway. (B) Phylogenetic analysis of D14 orthologs. The phylogenetic tree was generated with 18 full-length amino acid sequences of D14 orthologs using MEGA. The evolutionary history was inferred using the Neighbor-Joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) were shown next to the branches. The evolutionary distances were computed using the p-distance method. Sequence information in this work can be found in GenBank or the Saccharum Genome Database (http://sugarcane.zhangjisenlab.cn/) under the following accession numbers: Medicago truncatula D14 (XP_003589086), Pisum sativum RMS3 (AMB61024), Glycine max D14 (XP_003557012), Nicotiana attenuata D14 (XP_019258478), Petunia hybrida DAD2 (AFR68698), Hevea brasiliensis D14 (XP_021646820), Populus trichocarpa D14 (XP_002302409), Nelumbo nucifera D14 (XP_010248100), Gossypium raimondii D14 (XP_012451974), Arabidopsis thaliana D14 (NP_566220), Punica granatum D14 (OWM70752), Hordeum vulgare D14 (AJP07999), Triticum aestivum D14 (AK332360), Oryza sativa D14 (XP_015631400), Zea mays D14 (NP_001150635), Sorghum bicolor D14 (XP_002468316), Ss5800 (Sspon.001B0005800), and Ss5830 (Sspon.001B0005830). (C) Sequence alignment and structural annotation of D14 orthologs. ESPript was used to analyze the multiple sequence alignments generated by Clustal Omega (Sievers et al., 2011; Robert and Gouet, 2014) with the several D14 orthologs listed in Figure 1A. Secondary structure elements of Saccharum spontaneum D14 (GO:0005800) crystal structure (PDB code: 7F5W) are displayed on top of the alignments. Identical and conserved residues are highlighted by red and yellow grounds, respectively. The three catalytic residues, Ser, Asp, and His, are indicated by green stars. The amino acids marked with blue triangles are putative key amino acids for identifying downstream inhibitors.


The phylogenetic analysis showed that SsD14s exhibit closer relationships with OsD14 from rice, which belongs to Gramineae too (Figure 1B). The similarity between SsD14a and OsD14 is 84.91% at the amino sequence, and the similarity between SsD14b and OsD14 is 85.94%. Sequence alignment and structural annotation showed that SsD14a/b, AtD14, and OsD14 exhibit both considerable identities at the primary amino acid sequence level and have the same catalytic triad Ser-His-Asp (Figure 1C). These information implies conserved physiological functions of SsD14 proteins.



SsD14a and SsD14b Have Different Binding Properties With MAX2 and SMXLs

Similarly, we searched SGD to obtain the predicted sequences of MAX2 and SMXL7 orthologs from S. spontaneum. Then, we found the putative orthologous genes SsMAX2 (Sspon.008D0018870) and SsSMXL7 (Sspon.007A0023280). To determine the biochemical function of SsD14a and SsD14b, we used Y2H assays to examine the interaction of SsD14s proteins with SsMAX2, AtMAX2, SsSMXL7, and AtSMXL7. Surprisingly, there were significant binding ability differences between SsD14a and SsD14b. The results showed that SsD14a interacted with SsSMXL7 and AtSMXL7 and interacted with AtMAX2 slightly. However, SsD14b interacted with neither AtMAX2 nor AtSMXL7. Meanwhile, Y2H results showed a strong interaction of SsMAX2 with both SsD14a and SsD14b (Figure 2). In other words, although SsD14a and SsD14b share 97.47% similarity in amino acid sequence, they have different preferences in binding downstream signaling partners, which leading us to speculate that the differences in interactions are attributed to some of these different residues.
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FIGURE 2. Binding capacity of SsD14s with downstream signaling partners. Yeast two-hybrid (Y2H) assays for SsD14s and AtD14 interactions with SsMAX2/AtMAX2 and SsSMXL7/AtSMXL7. SsD14a, SsD14b, and AtD14 were fused to GAL4-BD. SsMAX2, AtMAX2, SsSMXL7, and AtSMXL7 were fused to GAL4-AD. Serial 10-fold dilutions of yeast cultures were spotted onto the control medium (SD/-Leu/-Trp) and selective medium (SD/-Leu/-Trp/-His/-Ala) in the absence or presence of 5 μM rac-GR24 or DMSO control. Images show growth after 4 days at 30°C.




SsD14aΔN, but Not SsD14b and SsD14bΔN, Can Well Rescue the Branching Phenotype of Arabidopsis d14-1 Mutant

Previous reports showed that many D14 of Gramineae species contain an extra N-terminal peptides when compared to AtD14 (Yao et al., 2018). Related studies have proved that both the full-length OsD14 and the N-terminally truncated OsD14 were able to complement the multi-branching mutant Arabidopsis d14-5, even the N-truncated D14 have more stronger interaction with AtMAX2 and complement d14 mutant better than the full-length version (Yao et al., 2018). According to our results of Y2H assays, SsD14aΔN can interact with AtMAX2 and AtSMXL7 as the full-length SsD14a did (Supplementary Figure 1). SsD14aΔN was introduced to complement Arabidopsis d14-1 mutants. We also generated the 35S:AtD14 d14-1 plants as positive control. The results showed no significant difference between the number of primary branches between 35S:SsD14aΔN d14-1 and 35S:AtD14 d14-1 (Figures 3A,B), which means that SsD14aΔN was able to rescue the multi-branching phenotypes. In addition, the leaf morphology (length/width ratio) was also recovered by SsD14aΔN (Supplementary Figure 2A). Therefore, SsD14a is functionally conserved when compared with AtD14.
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FIGURE 3. SsD14aΔN can rescue the branching phenotype of Arabidopsis d14-1 mutant. (A) Quantitative analysis on primary branch numbers of Col-0, d14-1, AtD14 14-1, and three lines for overexpression of 35S:SsD14aΔN. Values are represented as mean ± SD (n ≥ 16); p < 0.05 [one-way ANOVA and Tukey’s honestly significant difference (HSD)]. The different letters indicated the different significance. (B) The representative branching phenotypes of 5-week-old Col-0 and the indicated mutants. Scale bar = 5 cm.


However, the complementation results were quite different for SsD14b. According to the Y2H results, neither N-terminal truncated SsD14b nor full-length SsD14b could interact with AtMAX2 and AtSMXL7 (Figure 2 and Supplementary Figure 1). We transferred the full-length SsD14b to the Arabidopsis d14-1 mutant and obtained 35S:SsD14b d14-1 plants. We found that SsD14b cannot rescue the d14-1 multi-branching phenotype (Figure 4A). But interestingly, we found that the height of transgenic 35S:SsD14b d14-1 seemed to have a partial restoration (Figure 4B), which will be further investigated in the future project. We found that the multi-branched phenotype of one complemented line was only partially restored in 35S:SsD14bΔN d14-1 transgenic lines and still differed from WT, indicating that 35S:SsD14bΔN cannot fully complement Atd14-1. The difference between 35S:SsD14b d14-1 and 35S:SsD14bΔN d14-1 was that multi-branching and the leaf morphology of 35S:SsD14bΔN d14-1 were rescued in different degrees but both not thoroughly (Figure 4 and Supplementary Figure 2B). No obvious interactions of SsD14b/SsD14bΔN with AtSMXLs were detected in our work, which is probably because that the interactions were too weak to be detected in our current Y2H system. Consistent with this, the complementation effect of SsD14bΔN is significantly lower compared to SsD14a. Taken together, SsD14a and SsD14b may function as conserved and divergent SL receptors in sugarcane, respectively.
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FIGURE 4. SsD14b and SsD14bΔN failed to well rescue the branching phenotype of Arabidopsis d14-1 mutant. (A) Quantitative analysis on primary branch numbers of Col-0, d14-1, and two lines for overexpression of 35S:SsD14b. Values are represented as mean ± SD (n ≥ 16); p < 0.05 [ANOVA and Tukey’s honestly significant difference (HSD)]. The different letters indicated the different significance. (B) The representative branching phenotypes of 5-week-old Col-0 and the indicated mutants. Scale bar = 5 cm. (C) Quantitative analysis on primary branch numbers of Col-0, d14-1, AtD14 14-1, and two lines for overexpression of 35S:SsD14bΔN49. Values are represented as mean ± SD (n ≥ 16); p < 0.05 [ANOVA and Tukey’s honestly significant difference (HSD)]. The different letters indicated the different significance. (D) The representative branching phenotypes of 5-week-old Col-0 and the indicated mutants. Scale bar = 5 cm.




Crystal Structure of SsD14aΔN Possesses an Overall Architecture Identical to Other D14 Orthologs in the Open State

The crystal structure of SsD14aΔN was determined at a resolution of 1.65 Å (Table 1). SsD14a belongs to the α/β hydrolase superfamily, of which the structure consists of an α/β hydrolase core domain and a four-helix lid domain (αT1, αT2, αT3, and αT4) (Figure 5). The catalytic triad residues of S145, D266, and H295, distributed on the loops following the β4, β6, and β7 strands, are located at the bottom of the hydrophobic substrate-binding pocket. The rest of the core domain is made up of seven β strands (β1–β7) and six α helices (α1, α2, α3, α8, α9, and α10). R310 is located at the α10 helix of SsD14a.
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FIGURE 5. Crystal structure of SsD14aΔN and structural comparisons with other D14 orthologs. (A) Crystal structure of SsD14a. Left panel is a side view of SsD14a. The overall structure is represented in cartoon, with the core domain colored in light wheat and the lid domain colored in pink. The three catalytic triad residues are indicated and shown in sticks. Right panel is a top view of SsD14a. (B) Structural comparisons reveal that SsD14a is in an open state. Left and right panels show structural comparison of SsD14a with the orthologous proteins of other species in the open and closed state, respectively. AtD14 and OsD14 structures are indicated by their respective PDB IDs, whereas, the structure of SsD14 is indicated by SsD14a. The bound ligands are highlighted and represented as sticks. MPD (in PDB ID 3W04), MNAB (in PDB ID 6AP8), TMB (in PDB ID 4IHA), and CLIM (in PDB ID 5HZG) are abbreviated for 2-methyl-pentanediol, 2-(2′-methyl-3′-nitroanilino) benzoic acid, (2R,3R)-2,4,4-trihydroxy-3-methylbutanal, and (2Z)-2-methylbut-2-ene-1,4-diol, respectively. (C) A model for GR24 binding in SsD14a. The SsD14a–GR24 complex is generated by the UCSF DOCK 6.0. Details of GR24 binding are illustrated in the catalytic pocket of SsD14a, which is shown in the light blue cartoon representation. The SL analog GR24, together with its key contacting residues from the binding pocket, are labeled as colored sticks. (D) The LigPlot of possible SsD14a–GR24 interactions, related to (C). The red, blue and black atoms denote oxygen, nitrogen and carbon, respectively. Hydrogen bonds between SsD14a and GR24 are shown as green dashed lines. The van der Waals contacts are indicated as continuous red lines.


To gain insights into the conformational state of SsD14a, we performed structural comparisons between SsD14a and other D14 orthologs from other plants. Structure comparisons revealed that the overall structure of SsD14a was identical to those from other plants in the open state (Figure 5B), with root-mean-square deviations (RMSD) ranging from 0.250 to 0.301 Å (Figure 5B). Notably, the overall structure of SsD14a in the open state was apparently larger than the closed state of AtD14-CLIM (covalently linked intermediate molecule, a hydrolysis intermediate of SL molecule), thus these two structures cannot be well aligned, with an RMSD of 0.662 Å. Furthermore, results of docking approaches demonstrated extensive binding of GR24 by residues in the catalytic pocket of SsD14a (Figures 5C,D). In general, the structural characteristics of SsD14a are highly conserved and guarantee its branching inhibition function.



SsMAX2 Rescued the Branching Phenotype of Arabidopsis max2-3 Mutant

To clarify the differences on SL transduction between the two SsD14 proteins, SsMAX2, another key SL signaling transduction component, was obtained and verified its function. SsMAX2 interacted with AtD14 in an SL-dependent manner with the intensity similar to AtMAX2 (Figure 2). We further investigated the physiological function of SsMAX2 proteins in Arabidopsis. We introduced full-length S. spontaneum MAX2 into the Arabidopsis max2-3 mutant under the control of a 35S promoter. As shown in Figure 6 and Supplementary Figure 2C, 35S:SsMAX2 max2-3 rescued the branching and leaf phenotype of max2-3 to a level comparable with the wild-type Col-0. These genetic data indicated that SsMAX2 could inhibit axillary branching of Arabidopsis. Our results demonstrated that SsMAX2 can resemble AtMAX2 to play a physiological role in Arabidopsis.
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FIGURE 6. SsMAX2 can rescue the phenotypes of max2-3 mutant. (A) Quantitative analysis on primary branch numbers of Col-0, max2-3, AtD14 d14-1 and two lines for overexpression of 35S:SsMAX2. Values are represented as mean ± SD (n ≥ 16); p < 0.05 [ANOVA and Tukey’s honestly significant difference (HSD)]. The different letters indicated the different significance. (B) The representative branching phenotypes of 5-week-old Col-0 and the indicated mutants. Scale bar = 5 cm.




Single Residue Substitution of SsD14b Rescues the Binding Affinity With MAX2 and SMXLs

Further sequence comparison with AtD14 and OsD14 found that only SsD14b had a proline (P304) at the α10 helix, whereas, other D14 proteins contained an arginine (R) (Figure 1B). To further explore the mechanism underlying the differences in protein interactions, we made point mutations to SsD14a and SsD14b to obtain BD-SsD14aR310P and BD-SsD14bP304R, respectively. We were surprised to find that the point mutation SsD14aR310P no longer interacted with SsSMXL7 and AtSMXL7 (Figure 7A), but still interacted with SsMAX2. The point mutation SsD14bP304R turn out to obviously interact with AtSMXL7. Inferring from these results, for D14, residue R (like R310 of SsD14a) at the α10 helix might be the key residue contributing to the association with repressor factors SMXLs.
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FIGURE 7. Single residue substitution rescues the biochemical and physiological function of SsD14b. (A) Y2H analyses of the interaction between BD-SsD14aR310P and BD-SsD14bP304R for AD-SsMAX2, AD-AtMAX2, AD-SsSMXL7, and AD-AtSMXL7. Serial 10-fold dilutions of yeast cultures were spotted onto the control medium (SD/-Leu/-Trp) and selective medium (SD/-Leu/-Trp/-His/-Ala) in the absence or presence of 5 μM rac-GR24) or DMSO control. Images show growth after 4 days at 30°C. (B) Y2H analyses of the AtD14 and AtD14R262P binding with SsMAX2, AtMAX2, SsSMXL7, and AtSMXL7. (C) Y2H analyses of the OsD14ΔN and OsD14ΔNR261P binding with SsMAX2, OsD3, SsSMXL7, and OsD53. (D) Quantitative analysis on primary branch numbers of Col-0, d14-1, max2-3, d14-1 max2-1, and T1 lines for overexpression of 35S:D14 35S:MAX2 d14-1 max2-1, 35S:SsD14b 35S:SsMAX2 d14-1 max2-1, 35S:SsD14b-P304R 35S:SsMAX2 d14-1 max2-1, and the indicated mutants. Values are represented as mean ± SD (n ≥ 16); p < 0.05 [ANOVA and Tukey’s honestly significant difference (HSD)]. The different letters indicated the different significance. (E) The representative branching phenotypes of five-week-old Col-0 and the indicated mutants. Bars = 5 cm.




The R262P/R312P Point Mutation Disrupts the Function of AtD14/OsD14 to Bind With Downstream Signaling Partners

To further investigate the importance and the widespread of the amino acid site of R310 (in SsD14a), we performed point mutation validation in AtD14 and OsD14. We obtained BD-AtD14R262P and BD-OsD14ΔNR261P by site-directed mutagenesis PCR. Y2H results showed that AtD14R262P substitution largely affected the interaction with AtSMXL7 and also greatly weakened the interaction with AtMAX2 (Figure 7B). Similar observation was also found in BD-OsD14ΔNR261P (Figure 7C). Unlike AtD14, OsD14 showed hormone-dependent interaction with SsSMXL7. We speculate that this is a result of the higher sequence similarity between rice and sugarcane, which both belong to Gramineae. Interestingly, AtD14R262P and OsD14ΔNR261P, like wild-type proteins, still have strong hormone-dependent interactions with SsMAX2. The SsMAX2 protein can bind strongly with mutant proteins, which may have application in resolving the crystal structures of certain important D14 mutant proteins in complex with SsMAX2. In general, for AtD14 and OsD14, we further verified the importance of this site for binding downstream signal components.



Single Residue Substitution Rescues the Physiological Function of SsD14b

In the SL signaling pathway, the D14 receptor senses SL before binding the F-box protein MAX2 to form the D14–MAX2 complex. Later, the complex would recruit and degrade the downstream repressor protein AtSMXLs through ubiquitination–proteasome pathway to regulate plant branching (Jiang et al., 2013; Zhou et al., 2013). To investigate whether SsD14bP304R has gained the capability in plant branching control, we generated and compared the transgenic Arabidopsis 35S:SsD14b 35S:SsMAX2 d14-1 max2-1 and 35S:SsD14b-P304R 35S:SsMAX2 d14-1 max2-1 by introducing full-length SsMAX2 together with SsD14b or SsD14b-P304R into the d14-1 max2-1 double mutant. We also generated the 35:AtD14 35S:AtMAX2 d14-1 max2-1 plants as positive control. We found that 35S:SsD14b-P304R 35S:SsMAX2 d14-1 max2-1 showed similar primary branching and leaf morphology as 35S:AtD14 35S:AtMAX2 d14-1 max2-1 (Figures 7D,E and Supplementary Figure 2D). However, the complex of SsD14b–SsMAX2 was unable to inhibit the branching of d14-1 max2-1 double mutant, consistent with the capability of SsD14b or SsD14b-P304R to bind AtSMXL7 (Figures 2, 7A). These results demonstrated that P304R single-residue substitution endows SsD14b with the branching inhibition function, indicating the close correlation between SL responses and receptor–repressor interaction.



DISCUSSION

Sugarcane is a raw material for sucrose and can also be used as an energy substitute for refined ethanol, which has high economic value. The effective yield of sugarcane is closely related to the effective branching and robust plant architecture. As the ancestor of modern sugarcane and possessing a complete genome database, S. spontaneum is an important research material. To lay a foundation for further sugarcane SL pathway studies and related molecular breeding, we turned to identify and study core SL components in S. spontaneum.

The SL perception by the receptor D14 initiates the SL signaling transduction pathway. At present, the function of D14 has been studied in many species, such as Oryza sativa (D14), Petunia hybrida (DAD2), and Pisum sativum (RMS3), certificating that D14 is highly conserved in different species (Arite et al., 2009; Hamiaux et al., 2012; de Saint Germain et al., 2016; Yao et al., 2018). Here, two D14 orthologous genes in S. spontaneum, SsD14a and SsD14b, were identified according to ortholog searching in S. spontaneum genome. SsD14a and SsD14b were extremely similar with only few residue exceptions. Additionally, evolutionary analysis showed that both SsD14s were closer to SbD14, ZmD14, and OsD14, all of which are Gramineae. However, Y2H experiments revealed that only SsD14a could interact with AtMAX2 and AtSMXL7/SsSMXL7, whereas, SsD14b could not. Interestingly, there was no difference in the binding affinity with SsMAX2 between SsD14b and SsD14a. Transgenic Arabidopsis plants showed that only SsD14a could well rescue the d14-1 mutant. Furthermore, the structure of SsD14a is identical to AtD14 and OsD14 in the open state, with RMSD ranging from 0.250 to 0.301 Å. These results indicated SsD14a functioned the same as known D14 proteins, such as AtD14, suggesting that a similar SL transduction system exists in S. spontaneum.

In the current model, upon perception of SL, the receptor D14 recruits MAX2 and SMXLs to initiate SL signal transduction to regulate branching. However, SsD14b has problems in binding with AtSMXL7/SsSMXL7 and AtMAX2 and is unable to transduce SL signals to inhibit branching by forming such D14–MAX2–SMXL complex. It is interesting that SsD14b, with only very few residue differences from SsD14a, cannot rescue d14-1 mutant. Meanwhile, through further sequence comparison with AtD14, OsD14, and other reported D14 orthologs, it was found that only SsD14b contains a Proline (P) at position 304, and the rest of the D14 proteins were all Arginine (R) (Figure 1). To verify the effects of this residue site, we obtained point mutations at equivalent sites to obtain SsD14aR310P and SsD14bP304R. After Y2H verification, the point mutation of the two proteins did not affect the interaction with SsMAX2. By contrast, SsD14aR310P no longer interacted with SsSMXL7 or AtSMXL7, but SsD14bP304R interacted with SsSMXL7 and AtSMXL7, suggesting that the R310/P304 site in SsD14s did affect the interaction with the downstream repressor protein SMXLs to form functional D14–MAX2–SMXL complex.

To further verify whether the failure of SsD14b to rescue Arabidopsis d14-1 is attributed to the loss of SMXL binding ability, we introduced SsMAX2 together with SsD14b or SsD14b-P304R into the d14-1 max2-1 double mutant to express c D14–MAX2 complex. Our results confirmed the importance of SMXL binding by SL receptor and indicated that the assembly of complete D14–MAX2–SMXLs complex is essential for SL responses, although SsD14b–SsMAX2 complex might associate with other proteins but not SMXLs to exert certain function. Additionally, we found that SsMAX2 could bind with D14 proteins from various species much stronger than AtMAX2 and OsD3, suggesting that MAX2 proteins from different plant species may have diverse capabilities to transduce SL signal and would serve as valuable sources for structural studies on SL signaling.

Taken together, our findings shed new light on the study of strigolactone receptors and their interaction with downstream signaling partners, and may have potential application value in the molecular breeding of plant architecture.
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Strigolactones (SLs), a class of phytohormones that regulate diverse developmental processes, were initially characterized as host-derived germination stimulants for seeds belonging to the genera Striga, Orobanche, and Phelipanche. Orobanchol (1), which is detected in the root exudates of several plants and recognized as a prevalent SL, was first isolated from the root exudates of red clover as a germination stimulant for Orobanche minor in 1998. However, the structure of this stimulant proposed at that time was disputable considering its predicted germination-inducing activity for Striga gesnerioides. The genuine structure of orobanchol was elucidated following a decade-long controversy, which ultimately facilitated the understanding of the importance of SL stereochemistry in Striga seed germination. Recently, studies focusing on clarifying the biosynthesis pathway of orobanchol are being conducted. Cytochrome P450 monooxygenases are involved in orobanchol biosynthesis downstream of carlactonoic acid (CLA) via two pathways: either through 4-deoxyorobanchol or direct conversion from CLA. Substantial progress in the identification of more SL structures and clarification of their biosynthetic mechanisms will further contribute in the comprehension of their structural diversity’s functional importance and agricultural applications. Herein, we have reviewed the history leading to the discovery of the genuine structure of orobanchol and the current understanding of its biosynthetic mechanisms.

Keywords: cytochrome P450 monooxygenase, germination, root parasitic weeds, stereochemistry, strigolactone


INTRODUCTION

Strigolactones (SLs) were initially characterized as germination stimulants for seeds belonging to the genera Striga, Orobanche, and Phelipanche, which are a renowned group of root parasitic weeds of global economic importance (Parker, 2009). Strigol (2), the first canonical SL structurally defined, was isolated from the root exudates of cotton (Gossypium hirsutum) (Cook et al., 1966, 1972). Following the isolation of strigol, the SLs sorgolactone (3) (Hauck et al., 1992), alectrol (4) (Müller et al., 1992), and orobanchol (1) (Yokota et al., 1998) were isolated from the root exudates of sorghum (Sorghum bicolor), cowpea (Vigna unguiculata), and red clover (Trifolium pratense), respectively. Consequent studies revealed that SLs not only promoted hyphal branching of arbuscular mycorrhizal fungi (Akiyama et al., 2005) but also represented a new class of phytohormones that regulated plant architecture (Gomez-Roldan et al., 2008; Umehara et al., 2008). Structurally, canonical SLs consist of tricyclic lactone (ABC ring) and butenolide (D ring) connected with an enol ether bridge (Figure 1). The structures of strigol (2) and sorgolactone (3) were unambiguously determined by X-ray crystallographic analysis and organic synthesis (Brooks et al., 1985; Sugimoto et al., 1998), whereas the genuine structures of orobanchol (1) and alectrol (4) were eventually established in 2011 (Ueno et al., 2011b). Orobanchol has been detected in the root exudates of numerous plants, including Fabaceae, Solanaceae, a few Gymnosperm species, and rice (Oryza sativa) (Xie, 2016; Wang and Bouwmeester, 2018). Several derivatives of orobanchol, such as its acetate, orobanchyl acetate (alectrol), fabacol that contains an epoxide group, and solanacol that has an aromatic A-ring, have also been identified (Müller et al., 1992; Xie et al., 2007, 2009). The illustration of the genuine structure of orobanchol allowed canonical SLs to be divided into two subgroups that were categorized in terms of their C-ring configuration, the orobanchol- and strigol-types. The C-ring configuration was found to be essential in fulfilling the structural requirements of the canonical SLs for inducing germination in Striga gesnerioides seeds (Ueno et al., 2011a; Nomura et al., 2013). The classification of the canonical SLs into the two subgroups presented an avenue to study the enzymes involved in their biosynthesis from the common intermediate, carlactonoic acid (CLA) (Zhang et al., 2014; Wakabayashi et al., 2019, 2020; Mori et al., 2020).
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FIGURE 1. Proposed strigolactone (SL) biosynthesis pathway from β-carotene and the seed germination induction of Striga by each SL. The sequential reactions catalyzed by D27, CCD7, and CCD8 enzymes produce carlactone (CL) from all-trans-β-carotene. CL is further converted to carlactonoic acid (CLA) by the CYP711A subfamily. Downstream of CLA, Os900/OsCYP711A2 in rice (Oryza sativa), VuCYP722C and SlCYP722C in cowpea (Vigna unguiculata) and tomato (Solanum lycopersicum), respectively, and GaCYP722C in cotton (Gossypium arboreum) can produce 4-deoxyorobanchol, orobanchol, and 5-deoxystrigol, respectively. The bar graphs at the top of each SL structure indicate the germination rates of S. hermonthica and S. gesnerioides induced by each SL as reported previously (Ueno et al., 2011b; Nomura et al., 2013).


This review outlines the course of determining the genuine structure of orobanchol, its biological importance as a seed germination stimulant for the genus Striga, and its biosynthesis pathway at biochemical and molecular levels. The components involved in the biosynthesis of orobanchol and its related canonical SLs that are yet to be clarified are also discussed.



STRUCTURE AND GERMINATION-INDUCING ACTIVITY


History Leading to the Determination of the Genuine Structure of Orobanchol

Orobanchol was isolated from the root exudates of red clover as the first germination stimulant for Orobanche minor, together with alectrol (Yokota et al., 1998). Alectrol had been previously isolated from the root exudates of cowpea as an isomer of strigol and a germination stimulant for Alectra vogelii and S. gesnerioides. A structure for alectrol was proposed based on a detailed comparison of its spectroscopic data with those of strigol (Müller et al., 1992). Since the isolated amount of orobanchol from red clover was constrained, it was considered to be a strigol-related compound and no specific structure for it was proposed. Following these reports, a series of strigol analogs, including the tentative structures of orobanchol and alectrol, were synthesized (Matsui et al., 1999a,b). The structure 5 was assigned to orobanchol by comparing its 1H NMR spectra and chromatographic behavior in gas chromatography–mass spectrometry, in which the C-ring configuration was consistent with that of strigol (2) (Figure 1). Chiroptical data were not utilized in the structural determination process. After about a decade, alectrol was independently re-isolated from the root exudates of red clover and cowpea (Matsuura et al., 2008; Xie et al., 2008), and its structure was reported as an acetylated product of synthetic orobanchol (6). However, synthetic orobanchol (5) and its acetate (6) did not induce seed germination in S. gesnerioides (Ueno et al., 2011a), indicating that the assigned structures of these SLs were controversial. These results triggered the re-isolation of the germination stimulants of S. gesnerioides from the root exudates of cowpea and red clover (Ueno et al., 2011b). The details of the bioassay-guided re-isolation and unambiguous structural elucidation of these stimulants have been described in a previous review (Ueno et al., 2015). In brief, two stimulants were isolated from both cowpea and red clover root exudates. The 1H NMR spectra of these stimulants suggested that they were canonical SLs having an oxygen functional group at C-4 in the B-ring. The chromatographic behavior of the stimulants in liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis was inconsistent with that of synthetic orobanchol (5) and its acetate (6) but consistent with their respective 2′-epimers. Additionally, the circular dichroism spectra of the stimulants were vertically inverted compared with the 2′-epimers of 5 and 6. Therefore, the absolute structures of orobanchol and alectrol were determined to be 1 and 4, respectively (Figure 1).

Figure 1 (1) illustrates the genuine structure of orobanchol, which has the (3aR, 8bR, 2′R)-configuration. Contrary to strigol (2), orobanchol (1) demonstrates an inverted BC-junction configuration. Dehydroxylated orobanchol and strigol, 4-deoxyorobanchol (4DO) (7) and 5-deoxystrigol (5DS) (8), respectively, have opposite C-ring configurations, and hence, 5DS is also known as ent-2′-epi-4DO. It was predictable that the absolute skeletal configuration of redefined orobanchol was the ent-2′-epi-form of the strigol skeleton. Before the structural revision, 2′-epi-5-deoxystrigol (epi-5DS) had been found in the hydroponic culture media of rice seedlings (cv. Shiokari) by LC-MS/MS analysis using a reversed-phase octadecyl silica (ODS) column (Umehara et al., 2008). The detected “epi-5DS” is presumed to be 4DO (ent-2′-epi-5DS, 7), since an LC-MS/MS analysis with an ODS column only distinguishes between diastereomers. Subsequently, it was reported that rice produces orobanchol in addition to epi-5DS (Jamil et al., 2011). Moreover, the absolute configuration of fabacyl acetate isolated from pea (Pisum sativum) was the same as that of 4DO (Xie et al., 2009). Therefore, the correction of the absolute configuration of orobanchol was readily accepted by the community of SL researchers.



Importance of the Stereochemistry of Orobanchol in Inducing Seed Germination

The structure of both synthetic (5) and naturally occurring orobanchol (1) have the R-configuration at C-2′, which is an important structural feature for shoot branching inhibitory activity. Synthetic (5) as well as naturally occurring orobanchol (1) has shown to inhibit shoot branching in rice (Umehara et al., 2015). In contrast, during the structural examination of orobanchol, the importance of its stereochemistry in inducing seed germination in S. gesnerioides was suggested (Ueno et al., 2011a; Nomura et al., 2013; Figure 1). Detailed structure–activity relationship studies on 36 SL stereoisomers, including naturally occurring and synthetic ones, exemplified the strict structural requirements of the canonical SLs for inducing germination in S. gesnerioides seeds. Only a limited number of compounds, including orobanchol, induced significant germination in S. gesnerioides seeds. The SLs with high germination-inducing activity for S. gesnerioides seeds have a consistent C-ring configuration with that of orobanchol (1) and a hydroxy group at C-4 with β-orientation or at C-9, the trans methyl group against the C-ring. Notably, these germination inducers of S. gesnerioides induced a lower germination rate in S. hermonthica, which had a more sensitive response to synthetic orobanchol (5) that has the same configuration as strigol (1). Sorghum, one of the host plants of S. hermonthica, exudes sorgomol, which also has the same configuration as strigol (2). Additionally, SLs with the same C-ring configuration as strigol suppressed the orobanchol-induced germination of S. gesnerioides seeds. Therefore, root parasitic weeds may have evolved to germinate closer to the roots of compatible host plants where they can parasitize by strictly recognizing the configuration of the SLs. These findings indicated that not only the total amount but also the composition of SLs exuded by the host plants influence the adverse effects caused by parasitic weeds. Studies focused on elucidating the biosynthesis pathway of orobanchol were consequently pursued.




BIOSYNTHESIS


Two Distinct Biosynthesis Pathways of Orobanchol

In SL biosynthesis, D27 isomerizes all-trans-β-carotene to 9-cis-β-carotene, followed by CCD7-induced cleavage to form 9-cis-apo-10′-carotenal, and further CCD8 catalyzed conversion to the SL biosynthetic precursor, carlactone (CL) (Alder et al., 2012; Seto et al., 2014; Figure 1). Cytochrome P450 monooxygenase (CYP) AtCYP711A1 encoded by MORE AXIALLY GROWTH 1 (MAX1) converts CL to CLA and is responsible for the branching phenotype observed in Arabidopsis and OsCYP711As, which belong to the same subfamily of rice, also catalyze this reaction (Abe et al., 2014; Zhang et al., 2014). Subsequently, the conversion of CL to CLA has been indicated to be a common function of the CYP711A subfamily in different plant species, suggesting that CLA is also a precursor in SL biosynthesis (Yoneyama et al., 2018). Based on the commonality of planar structure of the basic skeleton, it was assumed that the canonical SLs downstream of CLA first generated the tricyclic skeletons (5DS and 4DO), and then underwent hydroxylation and further modifications to generate strigol, orobanchol, and their acetates.

The pioneering study on canonical SL biosynthesis in japonica rice first elucidated the biosynthesis pathway of orobanchol through the conversion to 4DO (Zhang et al., 2014). The rice CYP711A subfamily shares the common functionality of CL to CLA conversion and is also involved in the conversion to orobanchol. In the rice CYP711A subfamily, OsCYP711A2/Os900 catalyzes the conversion of CL to 4DO via CLA, and OsCYP711A3/Os1400 catalyzes the hydroxylation of 4DO at C-4 to ultimately form orobanchol. Based on these results, it was assumed that the CYP711A subfamily in other plant species is also responsible for the conversion of CLA to the respective canonical SLs, including orobanchol; however, the catalyzing property of this subfamily that converts CL and CLA to canonical SLs in seed plants has been exclusively identified only in rice (Yoneyama et al., 2018). Alternatively, conventional feeding experiments observed that orobanchol producing plants (cowpea, red clover, pea, red bell pepper) that were exogenously administered with 4DO did not convert it to orobanchol, whereas CLA was converted to orobanchol (Iseki et al., 2018; Ueno et al., 2018). These results further suggested a direct biosynthesis pathway of orobanchol from CLA in addition to the indirect pathway through the conversion to 4DO, involving the OsCYP711A2/Os900 and OsCYP711A3/Os1400 of rice. The involvement of other enzymes besides the CYP711A subfamily in canonical SL biosynthesis has been suggested.



Direct Conversion of Carlactonoic Acid to Orobanchol by CYP722C in Orobanchol Producing Plants (Cowpea and Tomato)

Uniconazole-P, a CYP inhibitor, suppressed the conversion of CLA to orobanchol in cowpea, suggesting that CYP plays a role in this conversion. VuCYP722C, whose function was unknown, was highlighted as a candidate gene via gene co-expression analysis using RNA-seq data of cowpea roots grown under various conditions with different SL production levels. The results of the in vitro enzyme assay conducted with a crude enzyme of recombinant VuCYP722C demonstrated that the enzyme produced orobanchol and its diastereomer, ent-2’-epi-orobanchol (5), with an opposite configuration in the C-ring, in approximately equal amounts using CLA as a substrate. Additionally, presumed 18-hydroxy-CLA was detected in the enzyme-reaction mixtures. VuCYP722C did not catalyze the conversion of 4DO to orobanchol, which is consistent with the previous results of the feeding experiments (Wakabayashi et al., 2019).

The enzymatic function of SlCYP722C was analyzed in tomato (Solanum lycopersicum), another representative orobanchol producer. The changes in SlCYP722C gene expressions were similar to that of known SL biosynthetic genes; upregulated under phosphate-deficient conditions that promote SL production. The recombinant enzyme exhibited an activity that was comparable to that of cowpea VuCYP722C. These results further demonstrated the existence of an alternative orobanchol biosynthesis pathway involving CYP722C (Wakabayashi et al., 2019; Figure 1).



The Function of CYP722C in Tomato, a Model Orobanchol Producing Plant

Analyses of SlCYP722C knockout tomato (SlCYP722C-KO) plants established the involvement of the CYP722C subfamily in the direct conversion of CLA to orobanchol. The root exudates of SlCYP722C-KO plants, wherein the CRISPR/Cas9 system was employed to disrupt the gene by genome editing, orobanchol and solanacol (a possible derivative of orobanchol) were demonstrated to be below-detection level using LC-MS/MS analysis, and instead, CLA accumulation was observed. The modified profiles of the lacking canonical SLs were also reflected in their germination stimulation activities in the seeds of root parasitic weeds. In other words, the root exudates of SlCYP722C-KO induced significantly less germination in S. hermonthica, O. crenata, and Phelipanche aegyptiaca seeds than those of wild-type. Interestingly, the SlCYP722C-KO plants appeared similar to the wild-type plants and they did not show the prominent phenotypes of an SL-deficient mutant, such as increased shoot branching and reduced stem length (Wakabayashi et al., 2019). These observations depicted that canonical SLs were not essential for regulating shoot branching in tomato plants and further suggested that the branching inhibiting hormone was a non-canonical SL lacking the ABC ring structure derived from CLA, as MAX1/CYP711A mutation induces increased shoot branching (Zhang et al., 2018; Wakabayashi et al., 2019). Accordingly, canonical SLs could be more important as rhizosphere signaling molecules than shoot branching inhibitors, and preferentially secreted into the soil and facilitate plant–microbe and plant-plant communications.




DISCUSSION

The determination of the genuine structures of orobanchol (1) and its acetate, orobanchyl acetate (alectrol) (4), has put an end to the long controversy regarding these structures (Ueno et al., 2011b). Orobanchol is also converted to its didehydro derivatives, didehydro-orobanchol isomers, although their structures and enzymes responsible for the conversion remain elusive (Zhang et al., 2018). Identification of CYP722C provided additional information on the biosynthesis pathway of orobanchol from β-carotene at a molecular level. The in vitro enzymatic reactions of VuCYP722C and SlCYP722C with CLA as a substrate yielded orobanchol and its diastereomer, ent-2’-epi-orobanchol, as products (Wakabayashi et al., 2019). These reactions further suggested that the members of the CYP722C subfamily catalyzed the two-step oxidization at the C-18 position in CLA, producing 18-oxo-CLA through 18-hydroxy-CLA. The 18-oxo-CLA then undergoes the BC ring closure reaction, without stereoselective control, to yield orobanchol isomers (Figure 2). Recently, it was reported that in a co-culture system of Escherichia coli and Saccharomyces cerevisiae co-expressing SL biosynthesis genes, orobanchol is generated by the co-expression of VuCYP722C with the upstream SL biosynthesis genes. However, the production of its diastereomer has not been described (Wu et al., 2021). Therefore, a more detailed functional analysis of the CYP722C subfamily is necessary. The formation of the BC ring without the stereoselective control of the C-ring configuration is also found in 5DS biosynthesis involving the LOW GERMINATION STIMULANT 1 (LGS1) of sorghum. It is strongly suggested that LGS1, encoding for the sulfotransferase protein, catalyzes the sulfonation of 18-hydroxy-CLA and provides an easier leaving group to afford a spontaneous non-selective BC ring formation, resulting in simultaneous production of 5DS and 4DO (Yoda et al., 2021; Figure 2). Altogether, there is likely an involvement of unknown components in the stereoselective control of the C-ring in the conversion of 18-oxo-CLA to orobanchol and the sulfate ester of 18-hydroxy-CLA to 5DS.


[image: image]

FIGURE 2. Proposed mechanisms for generating canonical strigolactones with BC ring formation. Additional components may be necessary for the stereospecific conversion of 18-oxo-CLA to orobanchol and the sulfate ester of 18-hydroxy-CLA to 5DS (CLA, carlactonoic acid).


The CYP722C subfamily is widely conserved in dicot plants, regardless of the type of SL produced (orobanchol- or strigol-type). GaCYP722C of cotton (G. arboreum), which generates 5DS as a strigol-type SL, catalyzes the conversion of CLA to 5DS, but it is not involved in the conversion to 4DO (Wakabayashi et al., 2020). Alternatively, GaCYP722C catalyzes stereoselective BC ring formation, unlike VuCYP722C and SlCYP722C. In addition, it has been reported that the CYP722Cs of birdsfoot trefoil (Lotus japonicus) and woodland strawberry (Fragaria vesca) are involved in the conversion of CLA to 5DS (Mori et al., 2020; Wu et al., 2021). The CYP722C subfamily members are the key enzymes involved in the biosynthesis of canonical SLs, regardless of their C-ring configuration. The differences in their catalytic activity may be due to the differences in the amino acid residues at the catalytic site and conformation of the protein structure domains. Structural biological approaches may clarify the mechanisms regulating the C-ring configuration in canonical SL biosynthesis.

Although much progress has been made in understanding the diverse structures of SLs and their biosynthetic mechanisms, the physiological significance of SL stereochemistry remains largely unexplored. If the mechanism by which plants control the stereochemistry of the C-ring to produce both types of SLs could be elucidated, it would then become possible to artificially control their structures through genetic engineering. The knowledge obtained from this approach will greatly contribute in comprehending the role of SLs. Additionally, the precise control of SL functions is predicted to have agricultural applications, such as management of root parasitic weeds and promotion of mycorrhizal symbiosis.
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Phytohormones are small chemicals critical for plant development and adaptation to a changing environment. Strigolactones (SLs), carotenoid-derived small signalling molecules and a class of phytohormones, regulate multiple developmental processes and respond to diverse environmental signals. SLs also coordinate adjustments in the balance of resource distribution by strategic modification of the plant development, allowing plants to adapt to nutrient deficiency. Instead of operating independently, SL interplays with abscisic acid, cytokinin, auxin, ethylene, and some other plant phytohormones, forming elaborate signalling networks. Hormone signalling crosstalk in plant development and environmental response may occur in a fully concerted manner or as a cascade of sequential events. In many cases, the exact underlying mechanism is unclear because of the different effects of phytohormones and the varying backgrounds of their actions. In this review, we systematically summarise the synthesis, signal transduction, and biological functions of SLs and further highlight the significance of crosstalk between SLs and other phytohormones during plant development and resistance to ever-changing environments.
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INTRODUCTION

Plants are frequently exposed to diverse unfavourable environmental conditions that lead to abiotic stresses and reduce productivity. Phytohormones are crucial for regulating various physiological processes of plants and assisting them to communicate with the external environment (Ciura and Kruk, 2018; Xin et al., 2019; Li et al., 2020). Strigolactones (SLs) were discovered when analysing the ability of a signalling substance secreted by cotton roots to stimulate the seed germination of parasitic weeds (Cook et al., 1966). Approximately 25 types of naturally occurring SLs have been discovered in different plant species, and based on their chemical structures, they are classified into two groups, namely, canonical and non-canonical SLs (Wang and Bouwmeester, 2018). Canonical SLs consist of a butenolide ring (D ring) connected by an enol ether bridge to a tricyclic lactone (ABC rings) (Butler, 1995). In non-canonical SLs, the ABC ring is replaced with an irregular ring structure (Yoneyama et al., 2018). Different forms of SL molecules may exhibit different biological activities (Umehara et al., 2015; Xie et al., 2020). The complex structure and stereochemistry of natural SLs limit their chemical synthesis. GR24, a synthetic SL analogue widely used in SL studies, is a racemic mixture of two 5-deoxystrigol (5DS)-configured enantiomers, namely, GR245DS and GR24ent–5DS (Yao et al., 2021).

Nitrogen (N) and phosphorus (P) are essential macronutrients for plants. As signalling mediators, SLs regulate the coordinated development of roots and shoots, particularly under N- and P-deficient conditions (Sun et al., 2014; Ito et al., 2015; Xi et al., 2015). Accordingly, SLs regulate above- and belowground plant morphogenesis, including shoot branching, leaf senescence, reproductive development, adventitious root (AR) formation, and root hair (RH) density (Kretzschmar et al., 2012; Yamada et al., 2014; Sun J. et al., 2015; Tan et al., 2019; Mitra et al., 2021). Moreover, a continuously increasing number of studies have suggested that SLs confer tolerance to different suboptimal growth conditions, especially drought and salinity (Saeed et al., 2017; Zhang X. et al., 2020). All these functions require coordinated changes at the molecular level in a complex plant growth network, necessitating the communication and cooperation of two or more hormone signals. The crosstalk between SL and other signalling pathways regulated by phytohormones, such as auxin, cytokinin (CK), ethylene (ET), and abscisic acid (ABA), has attracted extensive attention. This review verifies the latest information concerning the biological functions of SLs and further broadens and clarifies SL-associated hormonal networks in plant development and responses to several environmental challenges.


Strigolactones: Biosynthesis and Signalling Transduction

Given the benefits of SLs in plant biology, SLs exhibit the potential to improve crop genotypes with enhanced abiotic stress resilience and crop productivity. Understanding and exploiting SL biosynthesis are critical for effectively translating this potential into the modern agriculture industry. Although the SL biosynthesis pathway has not been fully elucidated, most enzymes involved in this pathway have been identified (Figure 1). SLs are plant secondary metabolites synthesised from carotenoids, which are converted to the SL precursor carlactone (CL) by the carotenoid isomerase DWARF27 (D27) and two carotenoid cleavage dioxygenase genes, namely, CCD7 and CCD8 (Lin et al., 2009; Alder et al., 2012). In Arabidopsis, MORE AXILLARY GROWTH1 (MAX1) encodes a cytochrome P450 monooxygenase (CYP711A1) that catalyses the conversion of CL to produce carlactonoic acid (CLA), which is then methylated to methyl carlactonoate (MeCLA) by an unknown methyltransferase (Abe et al., 2014; Seto et al., 2014). Lateral branching oxidoreductase is responsible for the oxidation of MeCLA into the SL-like compound (Brewer et al., 2016). In contrast to Arabidopsis, the rice MAX1 homologue Os900 (CYP711A2) converts CL into 4-deoxyorobanchol (4DO), and finally another homologue, Os1400 (CYP711A3), further catalyses the 4DO to form orobanchol (Zhang et al., 2014).
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FIGURE 1. Genes encoding the enzymes involved in SL biosynthesis and signalling pathway identified in the four model species.


Strigolactone signalling transduction mechanisms are similar to those of other plant phytohormones. These mechanisms involve hormone-activated targetting of transcriptional regulators for degradation, likely involving α/β-fold hydrolases DWARF14 (D14 in rice) and F-box component (MAX2 in Arabidopsis) (Hamiaux et al., 2012; Nakamura et al., 2013). The D14 has a conserved catalytic triad (Ser-His-Asp) with hydrolase activity for recognising and deactivating SL (Yao et al., 2016). KARRIKIN INSENSITIVE2 (KAI2) is structurally closely related to D14 that perceives smoke-derived karrikin (KAR) and non-naturally derived SL enantiomers such as GR24ent–5DS (Waters et al., 2012). SL molecules bind to D14, resulting in the conformational change of D14, thereby facilitating D14 interaction with F-box proteins MAX2 (Zhao et al., 2015). This complex triggers the ubiquitination of transcriptional repressor D53 (homologous SMXL6, SMXL7, or SMXL8 in Arabidopsis), resulting in the 26S proteasomal degradation of this repressor and thus the transcription of SL responsive genes (Jiang et al., 2013; Wang et al., 2015; Yao et al., 2018). D53 is a key target in controlling axillary bud outgrowth in rice (Jiang et al., 2013; Fang et al., 2020). The SPL family transcription factor Ideal Plant Architecture1 in rice and D53 together mediates the transcriptional activation of genes in the SL regulatory process (Song et al., 2017). Numerous studies using various SL biosynthesis and signalling lines have demonstrated that SLs can positively modulate RH elongation, primary root (PR) growth, and secondary shoot growth, but repress AR development and axillary bud outgrowth (Agusti et al., 2011; Koltai, 2011; Rasmussen et al., 2012).




BIOLOGICAL FUNCTIONS OF STRIGOLACTONES


Effect of Strigolactones on Shoot Architecture and Root Development

Strigolactones are a class of phytohormones shaping the overall plant structure. For example, they control shoot branching, secondary growth, and root morphology. Shoot branching patterns result from the regulation of axillary bud growth. Many endogenous and external signals determine the growth or dormancy of each axillary bud (Qiu et al., 2019; Xie et al., 2020). Apical dominance is a phenomenon in which bud outgrowth is inhibited by the apex of the main shoot. Part of the inhibitory effect of apical dominance on bud outgrowth is due to the production of auxin by the apical young leaves (Domagalska and Leyser, 2011). However, auxin does not enter the buds and acts interdependently, partly by inducing strigolactone synthesis (Rameau et al., 2015; Wang H. W. et al., 2018; Barbier et al., 2019). Both SL biosynthesis and signalling-deficient mutants are semi-dwarf and exhibit increased branching, which gives the mutants a bushy appearance in Arabidopsis (Figure 2). SL mediates axillary bud outgrowth. This process involves SL-induced upregulation of the TCP transcription factor BRANCHED1 (BRC1) that suppresses bud activity (Braun et al., 2012; Dun et al., 2013). In addition, auxin flow out of axillary buds is contributing to bud outgrowth, and SL inhibition of the auxin efflux carrier PIN1 localisation to the plasma membrane and/or the effect of SL on auxin feedback on PIN1 internalisation reduce auxin efflux from lateral buds, thus enhancing competition among buds in the stem (Crawford et al., 2010; Waldie et al., 2014; Brewer et al., 2015; Zhang J. et al., 2020). Developmental processes contributing to the establishment of shoot architecture, such as tillering, vegetative vigour, and dwarfing, are crucial agronomic traits affecting crop yield and can be manipulated by the application of SLs. For rice and wheat, the proper number of tillers is one of the significant factors that improves the grain yield, which may be related to SL exudation (Song et al., 2017; Zhao et al., 2019). In the case of Brassica napus, biomass increased the following spray with GR24 in growth chambers (Ma et al., 2017). Stem thickness was reduced in the SL signalling-deficient mutants of Arabidopsis and pea (Agusti et al., 2011). The specific features of SL action in the stem and root thickening can be exploited to reduce lodging susceptibility in cereal crops and increase timber production in silviculture. Newer opportunities for SL applications are likely to arise based on the studied examples described earlier.
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FIGURE 2. Impact of SL production levels on plant morphology in Arabidopsis. SLs are involved in various developmental processes, including plant height, shoot branching, and root system architecture.


The root system architecture plays a key role in optimising nutrient use efficiency and water acquisition, thereby enabling plant growth in nutrient-poorer soils. SLs regulate plant root development, although the specific effects vary across species and growth conditions. SL biosynthesis-deficient mutant in Arabidopsis developed more lateral roots (LRs) under optimal growth conditions, whereas an opposite effect was observed under the P-deficient conditions (Ruyter-Spira et al., 2011). ET blocks auxin-driven LR formation (Lewis et al., 2011). SLs translate P starvation signals into growth cues in the roots and interact with ET and auxin to exert their impact. In Arabidopsis and pea, SL signalling-deficient mutant exhibited more ARs, indicating that SLs suppress AR number (Rasmussen et al., 2012). Indeed, GR24 restored AR formation in the SL biosynthesis-deficient mutant D10 but not in the SL signalling-deficient mutant D3 of rice (Sun H. et al., 2015). The exact mechanism underlying the involvement of SLs in root development remains unclear because of conflicting data for different species. The highly complex hormonal interactions between SLs and other classes of phytohormones may all contribute to eventual root architectural modifications. Thus, plants can benefit from these interactions during development and adaptation to a changing environment (refer to the “Crosstalk between strigolactones and other hormones in plant growth and development, and in response to environmental changes” section for details).



Improvement of Nutrient Acquisition

Nutrient availability, particularly P deficiency, in agricultural soils affects SL exudation and distribution (Yoneyama et al., 2012). The increase in SL content is consistent with the expression of SL biosynthesis genes in rice roots, and this expression is elevated under N- or P-limiting conditions compared with that under controlled normal development conditions (Sun et al., 2014). Additionally, the ABC transporter Pleiotropic Drug Resistance1 (PDR1) translocated synthesised SLs from the root to shoot, and its transcription level increased in the roots of N- or P-deficient petunia and Lotus japonicus (Kretzschmar et al., 2012; Liu et al., 2015; Shiratake et al., 2019). The key genes, triad IPS1-miR399-PHO2 and the high-affinity P transporter LePT2, were involved in the response of tomato plants to low P availability (Gamir et al., 2020). No matter growing with P or not, SL biosynthesis-deficient tomato mutant could not efficiently activate most mechanisms associated with the P starvation response compared with wild-type plants (Santoro et al., 2021). SLs also act as molecular cues favouring arbuscular mycorrhizal (AM) symbiosis establishment in the rhizosphere, particularly increasing their access to nourishment and moisture from the nutrient-limited soil (Kapulnik and Koltai, 2014; Sun J. et al., 2015; Waters et al., 2017).

Strigolactones facilitate plants in responding to N and P starvation by shaping the above-and belowground architecture. Shoot growth and tiller production in rice were inhibited under the suboptimal P concentration, whereas SL signalling-deficient mutant (D3) and SL biosynthesis-deficient mutant (D10) showed no adverse effects (Luo et al., 2018). SLs positively regulated in stimulating PR length in rice, wheat, and tomato under limited P resources (Jamil et al., 2011; Yoneyama et al., 2012; Santoro et al., 2020). A similar effect was observed for root elongation in rice (Arite et al., 2012). SLs are vital for nitric oxide-regulated rice seminal root elongation during P and N starvation (Sun et al., 2016). The seminal root length of SL biosynthesis-deficient mutant (D10 and D27) and SL signalling-deficient mutant (D3) in rice decreased under low-P conditions. By contrast, all these SL-related mutants presented increased LR density during P starvation compared with wild-type plants (Sun et al., 2014). This negative effect on LR growth is attributable to the SL-mediated inhibition of polar auxin transport from shoots to roots and alteration of auxin distribution in roots (Sun et al., 2014). The potential of SLs in nutrient starvation response is valuable in developing strategies to improve nutrient use efficiency and productivity in low-fertility soils.



Mediation of Plant Tolerance to Drought and Salinity

Climatic changes increase drought and soil salinity, reducing crop yield in the affected areas. SLs participate directly in plant tolerance to abiotic stresses. During the analysis of the promoter sequences of SL biosynthesis genes in Arabidopsis, cis-acting sequences that specifically bind to drought and salt-responsive transcription factors were identified (Marzec and Muszynska, 2015). Under drought conditions, the SL analogue AB01 improved the grain yield and kernel weight of maize and sunflower (Chesterfield et al., 2020). SL biosynthesis- or signalling-deficient mutants are hypersensitive to unfavourable environmental conditions such as drought, salt, and osmotic stress (Zhang et al., 2018; Qiao et al., 2020; Zheng et al., 2021). The expression levels of SL biosynthesis genes (SlCCD7 and SlCCD8) and SL content decreased in tomato roots under drought stress (Visentin et al., 2016). By contrast, SL levels were elevated in rice roots in response to water withholding-induced dehydration (Haider et al., 2018). Monocots and dicots may adopt different survival strategies to cope with the water deficit.

The abundance of AM fungi in the rhizosphere of lettuce plants increased in response to salinity-induced SL secretion from roots (Aroca et al., 2013). However, SL biosynthesis-deficient mutant of rice exhibited lower AM colonisation than wild-type plants (Kobae et al., 2018). Drought stress-induced SL production in lettuce and tomato further triggered the growth of AM fungi, thus improving drought resistance (Ruiz-Lozano et al., 2016). SLs promote communication between the host and beneficial soil microorganisms, an eco-friendly strategy, and allow plants to better withstand environmental changes.




CROSSTALK BETWEEN STRIGOLACTONES AND OTHER HORMONES IN PLANT GROWTH AND DEVELOPMENT, AND IN RESPONSE TO ENVIRONMENTAL CHANGES


Strigolactones and Abscisic Acid

The correlation between ABA and SLs is critical for regulating multiple physiological mechanisms and adaptation to environmental changes in plants. The ABA importer genes ABCG22/AT5G06530 and ABCG40/AT1G15520 were downregulated in the SL signalling-deficient mutant max2 of Arabidopsis under well-watered and dehydrated conditions (Ha et al., 2014; Ruiz-Lozano et al., 2016). SLs induce tolerance to drought and salt stress largely by activating ABA signalling. Resistance to drought associated with slower stomatal closure, which was attributed to ABA insensitivity, was impaired in the SL biosynthesis-deficient mutant of L. japonicus (Liu et al., 2015). Similar ABA-SL crosstalk was demonstrated in which GR24 pre-treatment alleviated the adverse effects of salt stress in rice and grapevine seedlings and better induced stomatal closure (Min et al., 2019; Ling et al., 2020). The effect of SLs on stomatal closure depends on ABA synthesis, transport, and sensitivity (Visentin et al., 2020). Another recent study found that the SL biosynthesis-deficient mutant D10 and D17 and the SL signalling-deficient mutant D13 of rice had higher ABA accumulation than wild-type plants, resulting in induced drought tolerance (Haider et al., 2018). By contrast, the low-ABA-producing line D27 was susceptible to drought implying that D27 participates in the ABA signalling pathway (Haider et al., 2018). However, the mechanism by which D27 links ABA to SL has not been elucidated. Apart from their role in drought resistance, the positive role of SLs in the cold and heat stress response is associated with ABA biosynthesis. GR245DS application enhanced heat and cold tolerance in tomato, whereas the ABA-deficient mutant compromised the GR245DS effects, implying that SL, at least partially in an ABA-dependent manner, allows plants to flexibly acclimate to and overcome these stress conditions (Chi et al., 2021).

Strigolactones and ABA both participate in the regulation of branching or tillering, and ABA acts as downstream of SLs and BRC1 in Arabidopsis (González-Grandío et al., 2017; Wang B. et al., 2018; Wang and Bouwmeester, 2018; Wang et al., 2020). SLs mediating axillary bud outgrowth are involved in degrading SMXL6 and releasing BRC1 transcriptional repression, thereby inducing HB40/OsHOX12 expression, activating AtNCED3/OsNCED1 expression, and promoting ABA accumulation in the lateral buds of Arabidopsis or shoot bases of rice (Liu et al., 2020; Wang et al., 2020). Indeed, ABA supply inhibits tiller bud growth and suppresses the formation of unproductive upper tillers in rice, but its contribution is less than that of SLs (Liu et al., 2020).

During abiotic stress, ABA levels increase rapidly, but SL content may vary in different species. ABA positively regulated SL levels and the expression of signalling genes to improve salt stress acclimatisation and resistance in Sesbania cannabina (Ren et al., 2018). Similarly, plant resilience to water deprivation is promoted through the upregulation of the transcript levels of SL biosynthesis genes in rice root extracts (Haider et al., 2018). However, both the SL level and the SL gene expression in tomato and L. japonicus decreased under osmotic stress (Liu et al., 2015; Visentin et al., 2016). Breeding for potentially drought-tolerant crop varieties by SL signal upregulation requires further exploration.



Strigolactones and Cytokinin

As physiological processes vary, so do the interactions between SLs and CK. CK and SLs regulate separate processes and function independently in adventitious rooting, synergistically controlling LR development, but antagonistically regulating axillary bud outgrowth (Dun et al., 2013; Hu et al., 2014; Manandhar et al., 2018; Faizan et al., 2020).

Strigolactones and CK interact directly in buds, and they integratively promote the transcriptional regulation of BRC1 in Arabidopsis and pea or FINE CULM 1, an orthologous gene of BRC1, in rice (Braun et al., 2012; Dun et al., 2013; Xu et al., 2015). BRC1 is known to modulate the bud activation potential in several species by acting as an important hub of regulatory signals controlling bud outgrowth (Martin-Trillo et al., 2011; Nicolas et al., 2015; Shen et al., 2019). The antagonistic action of CK and SL mediates the inhibitory effect of auxin on bud outgrowth (Rameau et al., 2015; Barbier et al., 2019). In rice, SLs activate CK catabolism to alter the shoot architecture via cytokinin oxidase/dehydrogenase 9 (OsCKX9) activity (Duan et al., 2019). Therefore, along with induced activation of OsCKX9, SLs may affect the CK content through crosstalk with auxin. In addition, high sugar levels were found to inhibit SL perception, notably by directly targetting SL signalling (Dierck et al., 2016; Bertheloot et al., 2020; Patil et al., 2021). Sugars were also found to upregulate the levels of CK, which acts antagonistically with SLs (Barbier et al., 2015; Kiba et al., 2019; Salam et al., 2021). However, the exact role of CK in the sugar response remains undetermined. During branching, HEXOKINASE1 mediates the sugar signalling pathway, allowing plants to fine-tune the shoot architecture, and interacts with CK and SLs (Barbier et al., 2021).

GR24 inhibits PR elongation by altering PIN gene transcription, which is mediated by Short Hypocotyl2 (SHY2) through CK signalling components (Jiang et al., 2016). The CK response transcription factor (ARR1) directly binds to specific promoter sequences of the protein SHY2 and activates its expression, which in turn represses the PIN genes, while auxin stalls LR formation by SHY2-mediated repression of PIN activity (Sengupta and Reddy, 2018). SHY2 acts as a node-linking hormone that regulates root meristem development. SLs may affect the endogenous levels and distribution of each hormone, coordinately controlling the root (meristem) size.

Cytokinins and SLs play opposite regulatory roles in plant adaptation to drought. In CK-depleted and CK-signalling mutants of Arabidopsis, CKs and CK-signalling components were found to negatively regulate plant drought acclimation (Nishiyama et al., 2013; Nguyen et al., 2016). Conversely, SLs positively regulate drought resistance-related physiological traits by altering stomatal density and stomatal conductance (Ha et al., 2014; Zhang et al., 2018). In addition, downregulation of CK catabolism genes (CKX1, CKX2, CKX3, and CKX5) following dehydration was observed in the SL signalling-deficient mutant MAX2 compared with wild-type plants (Ha et al., 2014). This indicates that the SL signal might have an antagonistic effect on the CK content, which can be confirmed by detailed studies on SL biosynthesis and signalling mutants under drought stress because MAX2 appears to be shared by both SL signalling and karrikin signalling pathways (Soundappan et al., 2015).



Strigolactones and Auxin

Strigolactones and auxin synergistically regulate shoot branching and root development (Crawford et al., 2010; Ma et al., 2020; Zhang J. et al., 2020). SL-mediated regulation of shoot branching is tightly linked to PIN-dependent auxin transport, specifically its canalisation (Crawford et al., 2010; Shinohara et al., 2013). This is supported by the fact that SL biosynthesis-deficient mutants MAX4-5 and D27-1 exhibit enhanced accumulation of the PIN1 auxin efflux carrier on the basal plasma membrane (Bennett et al., 2016) and that GR24 treatment can induce PIN1 endocytosis and reduce auxin transport during SL biosynthesis in Arabidopsis but not in response mutants (Shinohara et al., 2013). SLs inhibit auxin feedback on PIN polarity and clathrin-mediated endocytosis of PIN proteins through D14- and MAX2-mediated signalling pathways (Zhang J. et al., 2020). However, exogenous SLs can still suppress bud outgrowth in auxin transport inhibitor 1-N57 naphthylphthalamic acid-treated shoots, suggesting the existence of another mechanism of bud growth inhibition by SLs. This also suggests that SL acts directly on bud outgrowth independent of polar auxin transport (Chabikwa et al., 2019). Many questions about the exact mechanism of SL action and perception may be answered by examining some promising candidates as downstream mediators of SL signalling (Brewer et al., 2015).

During root development, SLs regulate LR and RH development by changing auxin distribution (Haq et al., 2017; Sun et al., 2019). Polar auxin transport mainly depends on the auxin efflux protein PINs. This protein creates local auxin maxima to form the basis for root initiation and elongation (Zhang Y. et al., 2020). GR24 reduced IAA distribution and modulated AR formation by downregulating the levels of PIN family genes in rice (Sun H. et al., 2015). However, in the presence of exogenous auxin, the PIN gene expression level in the PR tip of Arabidopsis was not affected by GR24 treatment (Ruyter-Spira et al., 2011). A similar crosstalk between SLs and auxin occurs in the regulation of RH development where SL-mediated reduction of auxin accumulation within root cells results in high RH length and density (Koltai et al., 2010). These root responses are typical to P-deficient conditions (Santoro et al., 2020). The auxin-responsive element of the bHLH transcription factor ROOT HAIR DEFECTIVE SIX-LIKE 4 positively regulates genes involved in cell processes key to RH growth under the P-deficient condition (Bhosale et al., 2018; Zhu et al., 2020). These backgrounds clarify that RSL4 may function as a common integrator for the crosstalk between SLs and auxin in modulating RH elongation (Marzol et al., 2017). RH morphogenesis is driven by interacting processes controlled by complex hormone signalling. How these signalling components induce SL biosynthesis and signalling according to the P status at the molecular level remains unclear. Further studies should focus on cloning genes involved in RH mutants and undertaking reverse genetics and mutant complementation experiments to gain extended knowledge on signalling networks.



Strigolactones and Ethylene

Strigolactones have also been demonstrated to interact with ET signalling and control RH elongation. ET signalling-deficient ein2 and etr1 mutants exhibited no influence of SLs on RH morphogenesis (Kapulnik et al., 2011). In Arabidopsis, RH elongation was enhanced by GR24 treatment alone but not by treatment with the ET biosynthesis inhibitor aminoethoxyvinylglycine, even in the presence of GR24 (Lee and Yoon, 2020). This indicates that ET is necessary for promoting SL-mediated RH elongation. SLs adjust the balance between auxin and ET signalling pathways to activate different developmental programmes in response to soil nutrient limitations, thereby controlling their own biosynthesis in roots under these conditions. Under P-sufficient conditions, SLs interact with ET and promote auxin signalling transduction (Koltai, 2013). ET forms a crosstalk junction between SLs and auxin pathways in modulating RH formation. Together, these hormones probably create a deliberately coordinated network for regulating plant growth and its response to adverse growth conditions (Figure 3).


[image: image]

FIGURE 3. Interactions between SLs and hormones in major growth and developmental process. (A): SLs functions and interactions with ABA, auxin, and CK in the regulation of bud outgrowth. (B): Involvement of SLs in the hormonal control of lateral root and root hair (RH). [image: image] signify inhibitory effect; [image: image] signify stimulatory effect.




Strigolactones Application Challenges and Future Directions

With the recent discovery of a hormonal function for SLs, SL-mediated regulation of plant development has been explored extensively. Phenotypic plasticity is crucial for plants adapting to changing or extreme abiotic environments. Modification of SL signalling pathways to create an optimal crop architecture is a pivotal physiological strategy in improving nutrient uptake and utilisation, crop productivity, and resilience. As novel molecular technologies have increased the feasibility of genetic improvement of crops, variants with modified SL profiles, for example, transgenic rice (OsMADS57 and OsTB1), have led to increased grain yield with upregulated SL response pathways modulating tillering. Furthermore, ontogenetic modification of the SL transport signal, such as overexpression of the SL transporter PDR1, might be useful for obtaining a potential breeding stock. Applying SL analogues for shaping the plant architecture, improving their performance and resistance, and enhancing AM colonisation are of high potential value. Cheaper sources of SLs analogues are required for large-scale agricultural applications.

Similar to other phytohormones, SL biosynthesis and activity are regulated by multiple levels of crosstalk in hormonal networks under suboptimal environmental conditions (Table 1). As the interface between the plant and soil, roots are more exposed to adverse soil conditions than the aerial parts of the plant. The roots’ perception of the environment influences plant morphology. Progress has been made in understanding how different phytohormones facilitate root growth plasticity. More components involved in these processes and spatial temporal relationships between these components need to be identified. Additional experimental and theoretical studies are warranted to carefully understand the different contributions of SLs and these hormones to the whole plant level of organisation. The endogenous levels of phytohormones need to be optimised to maximise stress-responsive crosstalk between multiple hormones.


TABLE 1. Effects of strigolactones and hormones crosstalk on various plant species.
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Root parasitic plants such as Striga and Orobanche cause significant damage on crop production, particularly in sub-Saharan Africa. Their seeds germinate by sensing host root-derived signaling molecules called strigolactones (SLs). SL mimics can be used as suicidal germination inducers for root parasitic plants. Previous attempts to develop such chemicals have revealed that the methylbutenolide ring (D-ring), a common substructure in all the naturally occurring SLs, is critical for SL agonistic activity, suggesting that it should be possible to generate new SL mimics simply by coupling a D-ring with another molecule. Because structural information regarding SLs and their receptor interaction is still limited, such an approach might be an effective strategy to develop new potent SL agonists. Here, we report development of a series of new SL analogs derived from cinnamic acid (CA), the basis of a class of phenylpropanoid natural products that occur widely in plants. CA has an aromatic ring and a double-bond side-chain structure, which are advantageous for preparing structurally diverse derivatives. We prepared SL analogs from cis and trans configuration CA, and found that all the cis-CA-derived SL analogs had stronger activities as seed germination inducers for the root parasitic plants, Orobanche minor and Striga hermonthica, compared with the corresponding trans-CA-derived analogs. Moreover, introduction of a substitution at the C-4 position increased the germination-stimulating activity. We also found that the SL analogs derived from cis-CA were able to interact directly with SL receptor proteins more effectively than the analogs derived from trans-CA. The cis isomer of CA was previously reported to have a growth promoting effect on non-parasitic plants such as Arabidopsis. We found that SL analogs derived from cis-CA also showed growth promoting activity toward Arabidopsis, suggesting that these new SL agonists might be useful not only as suicidal germination inducers for root parasitic weeds, but also as plant growth promoters for the host plants.

Keywords: strigolactone, cis-cinnamic acid, root parasitic plant, germination, Orobanche, Striga


INTRODUCTION

Root parasitic plants such as Striga and Orobanche parasitize the root of their host plants, which include some important crops such as rice, sorghum, and maize. After invasion into the host, parasitic plants connect their xylem tissue to the vascular tissue of the host plant, and obtain water and nutrients from the host plant via this xylem bridge. They produce numerous tiny seeds, which are spread onto the field. The seeds can stay dormant for decades, but once the host plant is planted nearby, they germinate by sensing strigolactone (SL) molecules that are released from the host root (Cook et al., 1966). If the germinated seeds cannot attach to the host, they die within 4–5 days. On the basis of this germination process, suicidal germination induction has been proposed as an effective way to eliminate parasitic plant seeds from infested fields. However, because quantitative production of the SL molecules has become a bottleneck, this method has not been put into practical use.

After the initial discovery of SLs as germination inducers for root parasitic plants, SLs were further shown to be the symbiotic signals for arbuscular mycorrhizal fungi (Akiyama et al., 2005). Moreover, SLs were identified as a new class of plant hormones that regulate shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 2008). After the discovery of SLs as plant hormones, progress in this research field has included uncovering the SL signaling mechanism mediated by an α/β-hydrolase type receptor. In non-parasitic plants, DWARF14 (D14), a member of this protein family, was identified as the SL receptor (Arite et al., 2009; Hamiaux et al., 2012; de Saint Germain et al., 2016; Yao et al., 2016; Seto et al., 2019; Mashiguchi et al., 2021). In addition, a paralogous family of D14, which is called HYPOSENSITIVE TO LIGHT/KARRIKIN INSENSITIVE2 (hereafter denoted HTL), was characterized as a receptor for the smoke-derived germination inducer, karrikin (KAR; Waters et al., 2012). In a root parasitic plant, Striga hermonthica, 11 HTL genes were found, some of which were characterized as receptors for SL molecules, but KAR was not (Conn et al., 2015; Toh et al., 2015; Tsuchiya et al., 2015). Moreover, one of those HTLs, ShHTL7, was identified as an extremely sensitive receptor for SLs with pM sensitivity when expressed in Arabidopsis (Toh et al., 2015).

Many synthetic SL agonists have been reported, among which GR24 is now commonly used in basic research as a positive control (Figure 1). Such attempts have revealed that the methylbutenolide (D-ring) part, a common component in all the reported naturally occurring SLs, has a critical role for SL agonistic activity. Although the enol ether bridge connecting the ABC tricyclic ring, a typical part in the canonical SL molecules, and the D-ring has been proposed to be an essential structural feature for SL analogs, debranones, in which the D-ring is connected to a phenolic group via a simple ether bridge, have been also reported as SL agonists (Figure 1; Fukui et al., 2011). Moreover, yoshimulactone green (YLG), in which the ABC-ring part is replaced with fluorescein, was reported to be a pro-fluorescence SL agonist (Figure 1). YLG retains SL agonistic activity both for shoot branching inhibition and for inducing germination in parasitic plants, and it can be hydrolytically cleaved by the D14 and the Striga HTL receptors (Tsuchiya et al., 2015). YLG hydrolysis emits fluorescence and it enables high-throughput detection of the receptor function. The discovery of the above-mentioned Striga receptors was accomplished using this unique analog (Tsuchiya et al., 2015). Moreover, the receptor identification, combined with YLG, enabled a rapid screening of chemicals that can directly interact with HTL7. By this approach, sphynolactone-7 (SPL7) was discovered as an extremely strong SL agonist that can induce S. hermonthica germination at fM concentrations (Uraguchi et al., 2018).
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FIGURE 1. Chemical structures of the synthetic strigolactone (SL) analogs.


Because the detailed mechanism of receptor-ligand interactions in SL perception has not yet been uncovered, an effective strategy to obtain new potential agonist molecules would be to screen chemicals containing the D-ring structure. Using this approach, here we report development of a new type of SL analog, in which a cinnamic acid (CA) moiety is simply coupled with the D-ring through the carboxylic acid part via an ester bond. CA is widely distributed in plant species, and is a precursor of many important plant molecules such as lignin, flavonoids, isoflavonoids, and coumarins. CA exists as both trans and cis isomers, of which the former is more stable and common in nature. This structural feature enabled us to prepare two types of conformationally distinct analogs. In addition, many different analogs with substitutions on the benzene ring are commercially available. Thus, we were able to prepare a variety of structurally diverse analogs with a common core skeleton. A further feature of interest was that the cis isomer of CA was recently reported to act as an auxin efflux inhibitor, which leads to growth-promoting activity at low concentration (Steenackers et al., 2017, 2019). However, at a high concentration, cis-CA showed growth-inhibiting activity, and cis-CA was identified as an allelopathic compound that suppresses the growth of neighboring plants (Hiradate et al., 2005). Building on these observations, we chose CA as the starting material for synthesizing new SL analogs. These new synthetic analogs showed germination-inducing activity towards two root parasitic plants, Orobanche minor and Striga hermonthica, at moderately low concentration. Moreover, the cis-CA-derived SL analog showed a growth promoting effect on Arabidopsis, possibly as a result of degradation to cis-CA in the growth medium and in planta. Thus, we expect that these new SL agonists might provide lead chemicals for developing a new type of suicidal germination inducers with an additional function as growth promoters in the host plant.



MATERIALS AND METHODS


Preparation of cis-Isomers of CA

cis-isomers of CA derivatives were individually prepared by isomerization from the corresponding trans-isomer. Each trans-CA (300–500 mg) was dissolved in MeOH or CH3CN (50 ml). The solution was placed under UV lamp (254 nm). After the irradiation for 16 h, the solvent was evaporated in vacuo, and the mixture of trans/cis CA was suspended with 5–10 ml of distilled water. The sample was sonicated for 5 min and then centrifuged with 18,000 g for 30 min. The supernatant was filtered and diluted with distilled water up to 30 ml. The pH was adjusted to 1 using 1 N HCl and the sample was extracted with ethyl acetate (3 × 30 ml). The organic layer was dried over Na2SO4 and concentrated in vacuo, and the obtained each cis-CA was further subjected to the D-ring coupling reaction.



Chemical Synthesis of CASLs

5-Bromo-3-methyl-2(5H)-franone; 3-methyl-2(5H)-furanone (5 g, 51 mmol) was added to the solution of N-bromosuccinimide (9.05 g, 51 mmol) and azobis(isobutyronitrile) (170 mg, 1.02 mmol) in CCl4 (51 ml). The mixture was refluxed at 90°C for 4 h. After the reaction, the mixture was cooled to room temperature and filtered. The filtrate was concentrated in vacuo and purified by silica gel column chromatography (n-hexane/EtOAc:8/2) to afford 5-bromo-3-methyl-2(5H)-franone (8.6 g, 95%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.24 (t, J = 1.8, 1 H), 6.85 (q, J = 1.5 Hz, 1 H), 2.07 (m, 3 H).

t-CASL (t-CASL1); K2CO3 (1.0 mmol) was added to the solution of trans-CA (0.50 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water. The sample was extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml), dried over Na2SO4, and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:8/2) to afford t-CASL (99.8 mg, 0.41 mmol, 82%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.79 (d, J = 16 Hz, 1 H), 7.56–7.52 (m, 2 H), 7.43–7.39 (m, 2 H), 7.03 (t, J = 1.5 Hz, 1 H), 6.99 (t, J = 1.5 Hz, 1 H), 6.43 (d, J = 16 Hz, 1 H), 2.02 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.54, 92.52, 115.82, 128.26, 128.91, 130.92, 133.64, 134.27, 142.19, 147.42, 164.76, 171.12; HRMS [ESI+ (m/z)] calculated for (C14H12O4 + H)+ 245.0808, found 245.0818.

c-CASL (c-CASL1); K2CO3 (1.34 mmol) was added to the solution of cis-CA (0.67 mmol) in N-methyl-2-pyrrolidone (6.7 ml). 5-Bromo-3-methyl-2(5H)-franone (1.31 mmol) diluted in N-methyl-2-pyrrolidone (6.7 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:8/2) to afford c-CASL (96.0 mg, 0.39 mmol, 59%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.64–7.61 (m, 2 H), 7.38–7.36 (m, 3 H), 7.12 (d, J = 13 Hz, 1 H), 6.92 (t, J = 1.2 Hz, 1 H), 6.86 (t, J = 1.8 Hz, 1 H), 5.94 (d, J = 13 Hz, 1 H), 1.97 (t, J = 1.2 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.55, 92.26, 117.11, 128.00, 128.92, 129.63, 129.96, 134.16, 142.18, 146.99, 163.68, 171.09; HRMS [ESI+ (m/z)] calculated for (C14H12O4 + H)+ 245.0808, found 245.0815.

PPASL; K2CO3 (1.0 mmol) was added to the solution of PPA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford PPASL (113.0 mg, 0.46 mmol, 92%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.33–7.18 (m, 5 H), 6.87–6.83 (m, 2 H), 2.98 (t, J = 1.8 Hz, 2 H), 2.74–2.68 (m, 2 H), 1.98 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.50, 30.36, 35.41, 92.24, 126.38, 128.18, 128.48, 134.21, 139.67, 141.95, 170.96, 170.99; HRMS [ESI+ (m/z)] calculated for (C14H14O4 + H)+ 247.0965, found 247.0965.

trans-Me-CASL (t-CASL2); K2CO3 (1.0 mmol) was added to the solution of trans-Me-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-Me-CASL (50.8 mg, 0.20 mmol, 39%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.76 (d, J = 17 Hz, 1 H), 7.43 (d, J = 8.1 Hz, 2 H), 7.20 (d, J = 8.1 Hz, 2 H), 7.02 (t, J = 1.5 Hz, 1 H), 6.98 (t, J = 1.5 Hz, 1 H), 6.37 (d, J = 16 Hz, 1 H), 2.38 (s, 3 H), 2.01 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.51, 21.39, 92.47, 114.64, 128.12, 128.26, 128.31, 129.62, 130.94, 134.18, 141.50, 142.23, 147.42, 164.90, 171.11; HRMS [ESI+ (m/z)] calculated for (C15H14O4 + H)+ 259.0965, found 259.0978.

cis-Me-CASL (c-CASL2); K2CO3 (1.2 mmol) was added to the solution of cis-Me-CA (0.6 mmol) in N-methyl-2-pyrrolidone (6 ml). 5-Bromo-3-methyl-2(5H)-franone (1.18 mmol) diluted in N-methyl-2-pyrrolidone (6 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:8/2) to afford cis-Me-CASL (70.4 mg, 0.27 mmol, 45%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.58 (d, J = 8.1 Hz, 2 H), 7.18 (d, J = 8.1 Hz, 7.08–7.04 (m, 1H), 6.93 (t, J = 1.5 Hz, 1 H), 6.89 (t, J = 1.5 Hz, 1 H), 5.87 (d, J = 12 Hz, 1 H), 2.37 (d, 3.9 Hz, 3 H), 1.97 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.52, 21.37, 92.25, 115.92, 128.76, 128.79, 130.29, 130.34, 131.20, 134.15, 140.20, 142.11, 147.28, 163.79, 171.12; HRMS [ESI+ (m/z)] calculated for (C15H14O4 + H)+ 259.0965, found 259.0976.

trans-OH-CASL (t-CASL3); K2CO3 (1.0 mmol) was added to the solution of trans-OH-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by a silica gel column chromatography (n-hexane/EtOAc:6/4) to afford trans-OH-CASL (41.8 mg, 0.16 mmol, 32%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.72 (d, J = 16 Hz, 1 H), 7.43 (d, J = 8.4 Hz, 2 H), 7.03–6.99 (m, 2 H), 6.87 (d, J = 8.7 Hz, 2 H), 6.26 (d, J = 16 Hz, 1 H), 6.16 (brs, 1 H), 2.02 (d, J = 1.2 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.49, 93.34, 113.41, 116.75, 126.50, 131.42, 134.28, 144.22, 147.97, 161.13, 165.72, 171.91; HRMS [ESI+ (m/z)] calculated for (C14H12O5 + H)+ 261.0757, found 261.0771.

cis-OH-CASL (c-CASL3); K2CO3 (0.89 mmol) was added to the solution of cis-OH-CA (0.44 mmol) in N-methyl-2-pyrrolidone (4.5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.87 mmol) diluted in N-methyl-2-pyrrolidone (4.5 ml) was added to the mixture, and the mixture was stirred for 3.5 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:6/4) and reverse phase HPLC (ODS SP-100, CH3CN/H2O:4/6). The HPLC purification was conducted for a part of the sample to afford c-CASL3 (5.2 mg, 0.02 mmol, 5%). 1H-NMR (300 MHz, acetone-D6) 𝛿 9.02 (s, 1 H), 7.82 (d, J = 9 Hz, 2 H), 7.23 (s, 1 H), 7.07 (d, J = 13 Hz, 1 H), 7.00 (s, 1 H), 6.87 (d, J = 8.4 Hz, 2 H), 5.81 (d, J = 13 Hz, 1 H), 1.94 (s, 3 H); 13C-NMR (75 MHz, acetone-D6), 𝛿 10.48, 93.28, 114.10, 115.81, 126.85, 134.17, 134.28, 144.14, 147.76, 160.29, 164.92, 171.90; HRMS [ESI+ (m/z)] calculated for (C14H12O5 + H)+ 261.0757, found 261.0772.

trans-OMe-CASL (t-CASL4); K2CO3 (1.0 mmol) was added to the solution of trans-OMe-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by a silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-OMe-CASL (83.9 mg, 0.31 mmol, 61%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.73 (d, J = 16 Hz, 1 H), 7.49 (d, J = 8.7 Hz, 2 H), 7.02 (t, J = 1.5 Hz, 1 H), 6.98 (d, J = 1.5 Hz, 1 H), 6.92 (d, J = 9.0 Hz, 2 H), 6.28 (m, 1 H), 3.84 (s, 3 H), 2.02 (d, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.59, 55.36, 92.51, 113.15, 114.40, 126.46, 130.11, 134.24, 142.31, 147.18, 161.92, 165.11, 171.20; HRMS [ESI+ (m/z)] calculated for (C15H14O5 + H)+ 275.0914, found 275.0927.

cis-OMe-CASL (c-CASL4); K2CO3 (1.9 mmol) was added to the solution of cis-OMe-CA (0.94 mmol) in N-methyl-2-pyrrolidone (9.4 ml). 5-Bromo-3-methyl-2(5H)-franone (1.84 mmol) diluted in N-methyl-2-pyrrolidone (9.4 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford cis-OMe-CASL (154.5 mg, 0.56 mmol, 60%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.76 (d, J = 8.7 Hz, 2 H), 7.00 (d, J = 13 Hz, 1 H), 6.95–6.86 (m, 4 H), 5.80 (d, J = 13 Hz, 1 H), 3.84 (d, J = 6.0 Hz, 3 H), 1.98 (t, J = 1.2 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.54, 55.25, 92.26, 113.44, 114.08, 126.63, 132.73, 134.15, 142.20, 147.21, 160.99, 163.97, 171.17; HRMS [ESI+ (m/z)] calculated for (C15H14O5 + H)+ 275.0914, found 275.0926.

trans-OEt-CASL (t-CASL5); K2CO3 (1.0 mmol) was added to the solution of trans-OEt-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-OEt-CASL (83.9 mg, 0.29 mmol, 58%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.73 (d, J = 16 Hz, 1 H), 7.47 (d, J = 8.7 Hz, 2 H), 7.02 (d, J = 1.5 Hz, 1 H), 6.98 (t, J = 1.5 Hz, 1 H), 6.90 (d, J = 8.7 Hz, 2 H), 6.27 (m, 1 H), 4.07 (q, J = 6.9 Hz, 2 H), 2.01 (t, J = 1.4 Hz, 3 H), 1.45–1.41 (m, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.60, 14.63, 63.63, 92.52, 112.98, 114.56, 126.28, 130.12, 134.24, 142.31, 147.28, 161.35, 165.15, 171.21; HRMS [ESI+ (m/z)] calculated for (C16H16O5 + H)+ 289.1071, found 289.1082.

cis-OEt-CASL (c-CASL5); K2CO3 (0.76 mmol) was added to the solution of cis-OEt-CA (0.38 mmol) in N-methyl-2-pyrrolidone (3.8 ml). 5-Bromo-3-methyl-2(5H)-franone (0.75 mmol) diluted in N-methyl-2-pyrrolidone (3.8 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by a silica gel column chromatography (n-hexane/EtOAc:7/3) to afford cis-OEt-CASL (74.5 mg, 0.26 mmol, 68%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.77–7.74 (m, 2 H), 7.08–6.87 (m, 5 H), 5.78 (d, J = 13 Hz, 1 H), 4.07 (q, J = 6.9 Hz, 2 H), 1.99 (t, J = 1.4 Hz, 3 H), 1.45–1.41 (m, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.59, 14.67, 63.51, 92.29, 113.91, 113.97, 126.50, 132.83, 134.22, 142.21, 147.34, 160.47, 164.04, 171.20; HRMS [ESI+ (m/z)] calculated for (C16H16O5 + H)+ 289.1071, found 289.1083.

trans-NO2-CASL (t-CASL6); K2CO3 (1.0 mmol) was added to the solution of trans-NO2-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-NO2-CASL (72.6 mg, 0.25 mmol, 50%). 1H-NMR (300 MHz, CDCl3) 𝛿 8.27 (d, J = 8.7 Hz, 2 H), 7.81 (d, J = 16 Hz, 1 H), 7.70 (d, J = 8.7 Hz, 2 H), 7.03 (t, J = 1.5 Hz, 1 H), 6.99 (t, J = 1.5 Hz, 1 H), 6.55 (d, J = 16 Hz, 1 H), 2.03 (t, J = 1.2 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.73, 92.79, 120.32, 124.30, 128.97, 134.75, 139.74, 141.82, 144.39, 148.89, 164.04, 170.97; HRMS [ESI+ (m/z)] calculated for (C14H11NO6 + H)+ 290.0659, found 290.0671.

cis-NO2-CASL (c-CASL6); K2CO3 (0.58 mmol) was added to the solution of cis-NO2-CA (0.29 mmol) in N-methyl-2-pyrrolidone (2.9 ml). 5-Bromo-3-methyl-2(5H)-franone (0.57 mmol) diluted in N-methyl-2-pyrrolidone (2.9 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:6/4) to afford cis-NO2-CASL (20.7 mg, 0.07 mol, 25%). 1H-NMR (300 MHz, CDCl3) 𝛿 8.23 (d, J = 8.7 Hz, 2 H), 7.71 (d, J = 8.7 Hz, 2 H), 7.18 (d, J = 12 Hz, 1 H), 6.89–6.88 (m, 2 H), 6.13 (d, J = 12 Hz, 1 H), 1.98 (s, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.66, 92.42, 120.84, 123.29, 130.45, 134.70, 140.52, 141.63, 144.39, 147.93, 163.09, 170.89; HRMS [ESI+ (m/z)] calculated for (C14H11NO6 + H)+ 290.0659, found 290.0671.

trans-F-CASL (t-CASL7); K2CO3 (1.1 mmol) was added to the solution of trans-F-CA (0.57 mmol) in N-methyl-2-pyrrolidone (5.7 ml). 5-Bromo-3-methyl-2(5H)-franone (1.12 mmol) diluted in N-methyl-2-pyrrolidone (5.7 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-F-CASL (39.0 mg, 0.15 mol, 26%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.75 (d, J = 16 Hz, 1 H), 7.56–7.51 (m, 2 H), 7.13–7.07 (m, 2 H), 7.02–6.98 (m, 2 H), 6.35 (d, J = 16 Hz, 1 H), 2.02 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.59, 92.58, 115.65 (d, JC-F = 2.5 Hz), 116.15 (d, JC-F = 22 Hz), 129.99, 130.29 (d, JC-F = 8.6 Hz), 134.39, 142.12, 146.11, 164.23 (d, JC-F = 251 Hz), 164.69, 171.09; HRMS [ESI+ (m/z)] calculated for (C14H11FO4 + H)+ 263.0714, found 263.0744.

cis-F-CASL (c-CASL7); K2CO3 (1.26 mmol) was added to the solution of cis-F-CA (0.63 mmol) in N-methyl-2-pyrrolidone (6.3 ml). 5-Bromo-3-methyl-2(5H)-franone (1.23 mmol) diluted in N-methyl-2-pyrrolidone (6.3 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford cis-F-CASL (94.2 mg, 0.36 mmol, 57%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.72–7.67 (m, 2 H), 7.10–7.03 (m, 3 H), 6.92 (t, J = 1.5 Hz, 1 H), 6.89 (t, J = 1.5 Hz, 1H), 5.91 (d, J = 13 Hz, 1 H), 1.98 (t, J = 1.8 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.56, 92.27, 115.14 (d, JC-F = 22 Hz), 116.73 (d, JC-F = 2.2 Hz), 130.11, 132.45 (d, JC-F = 8.7 Hz), 134.34, 141.97, 146.07, 163.34 (d, JC-F = 249 Hz), 163.65, 171.06; HRMS [ESI+ (m/z)] calculated for (C14H11FO4 + H)+ 263.0714, found 263.0734.

trans-Cl-CASL (t-CASL8); K2CO3 (1.0 mmol) was added to the solution of trans-Cl-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-Cl-CASL (128 mg, 0.46 mmol, 92%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.73 (d, J = 16 Hz, 1 H), 7.48–7.27 (m, 4 H), 7.02 (t, J = 1.5 Hz, 1 H), 6.99 (t, J = 1.5 Hz, 1 H), 6.40 (d, J = 16 Hz, 1H), 2.02 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.55, 92.55, 116.21, 129.42, 132.15, 134.34, 136.85, 142.08, 145.89, 164.53, 171.06; HRMS [ESI+ (m/z)] calculated for (C14H11ClO4 + H)+ 279.0419, found 279.0433.

cis-Cl-CASL (c-CASL8); K2CO3 (1.0 mmol) was added to the solution of trans-Cl-CA (0.52 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford cis-Cl-CASL (80.6 mg, 0.29 mmol, 56%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.60 (d, J = 8.4 Hz, 2 H), 7.37–7.33 (m, 2 H), 7.05 (d, J = 13 Hz, 1 H), 6.92–6.88 (m, 2 H), 5.95 (d, J = 13 Hz, 1 H), 1.98 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.55, 92.27, 117.64, 128.27, 131.45, 132.42, 134.34, 135.66, 141.91, 145.82, 163.52, 171.04; HRMS [ESI+ (m/z)] calculated for (C14H11ClO4 + H)+ 279.0419, found 279.0440.

trans-Br-CASL (t-CASL9); K2CO3 (1.0 mmol) was added to the solution of trans-Br-CA (0.5 mmol) in N-methyl-2-pyrrolidone (5 ml). 5-Bromo-3-methyl-2(5H)-franone (0.98 mmol) diluted in N-methyl-2-pyrrolidone (5 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-Br-CASL (157 mg, 0.49 mmol, 98%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.71 (d, J = 16 Hz, 1 H), 7.54 (d, J = 8.4 Hz, 2 H), 7.39 (d, J = 8.4 Hz, 2 H), 7.01 (t, J = 1.5 Hz, 1 H), 6.98 (t, J = 1.5 Hz, 1H), 6.41 (d, J = 16 Hz, 1 H), 2.02 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.59, 92.60, 116.59, 125.32, 129.63, 132.22, 132.61, 134.41, 142.05, 146.00, 164.55, 171.04; HRMS [ESI+ (m/z)] calculated for (C14H11BrO4 + H)+ 322.9913, found 322.9930.

cis-Br-CASL (c-CASL9); K2CO3 (0.56 mmol) was added to the solution of cis-Br-CA (0.28 mmol) in N-methyl-2-pyrrolidone (2.8 ml). 5-Bromo-3-methyl-2(5H)-franone (0.27 mmol) diluted in N-methyl-2-pyrrolidone (2.8 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford cis-Br-CASL (34.8 mg, 0.11 mmol, 39%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.56–7.48 (m, 4 H), 7.03 (d, J = 13 Hz, 1 H), 6.91 (t, J = 1.5 Hz, 1H), 6.88 (t, J = 1.5 Hz, 1 H), 5.96 (d, J = 13 Hz, 1 H), 1.98 (m, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.60, 92.31, 117.86, 124.10, 131.30, 131.61, 132.93, 134.22, 141.87, 145.87, 163.53, 171.01; HRMS [ESI+ (m/z)] calculated for (C14H11BrO4 + H)+ 322.9913, found 322.9935.

trans-CF3-CASL (t-CASL10); K2CO3 (1.1 mmol) was added to the solution of trans-CF3-CA (0.56 mmol) in N-methyl-2-pyrrolidone (5.6 ml). 5-Bromo-3-methyl-2(5H)-franone (1.10 mmol) diluted in N-methyl-2-pyrrolidone (5.6 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford trans-CF3-CASL (164 mg, 0.53 mmol, 94%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.80 (d, J = 16 Hz, 1 H), 7.69–7.62 (m, 4 H), 7.03 (t, J = 1.5 Hz, 1 H), 6.99 (t, J = 1.5 Hz, 1 H), 6.50 (d, J = 16 Hz, 1 H), 2.03 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.57, 92.65, 118.56, 123.63 (q, JC-F = 271 Hz), 125.90 (q, JC-F = 3.8 Hz), 128.41, 132.26 (q, JC-F = 33 Hz), 134.50, 137.05 (d, JC-F = 1.2 Hz), 141.96, 145.42, 164.28, 170.10; HRMS [ESI+ (m/z)] calculated for (C15H12F3O4 + H)+ 313.0682, found 313.0698.

cis-CF3-CASL (c-CASL10); K2CO3 (1.1 mmol) was added to the solution of cis-CF3-CA (0.54 mmol) in N-methyl-2-pyrrolidone (5.4 ml). 5-Bromo-3-methyl-2(5H)-franone (1.06 mmol) diluted in N-methyl-2-pyrrolidone 5.4 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:7/3) to afford cis-CF3-CASL (45.7 mg, 0.15 mmol, 27%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.68–7.26 (m, 4 H), 8.16 (d, J = 12 Hz, 1 H), 6.89 (t, J = 1.4 Hz, 1 H), 6.85 (t, J = 1.4 Hz, 1 H), 6.06 (d, J = 13 Hz, 1 H), 1.97 (t, J = 1.4 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.51, 92.28, 119.62, 123.83 (q, JC-F = 271 Hz) 124.95 (q, JC-F = 3.7 Hz), 129.84, 130.99 (q, JC-F = 32 Hz), 134.45, 137.69 (d, JC-F = 1.2 Hz), 141.73, 145.27, 163.29, 170.94; HRMS [ESI+ (m/z)] calculated for (C15H12F3O4 + H)+ 313.0682, found 313.0697.

cis and trans isomer mixture of the ethyl ester of indanone derived-CA analogs; Ethyl 2-(diethoxyphosphoryl) acetate (12.1 mmol) was added to a solution of NaH (60% oil, 15.2 mmol) in dry THF (12 ml) at −78°C under Ar. The mixture was stirred for 15 min, and then 1-indanone (10.1 mmol) in THF (6 ml) was added. After the stirring for 30 min, the mixture was placed on ice for 2 h and then stirred for 20 h at room temperature. The reaction was quenched with saturated aqueous NH4Cl and diluted with distilled water up to 100 ml. The mixture was extracted with ethyl acetate (3 × 100 ml) and the organic layer was washed with distilled water (2 × 300 ml). The organic layer was dried with Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by silica gel column chromatography (n-hexane/EtOAc:9.5/0.5) to afford the ethyl ester of trans-indanone-CA (154.8 mg, 0.78 mmol, 8%) and cis-indanone-CA (58.4 mg, 0.29 mmol, 3%). ethyl ester of trans-indanone-CA: 1H-NMR (300 MHz, CDCl3) 𝛿 7.60 (d, J = 7.5 Hz, 1 H), 7.35 (d, J = 3.9 Hz, 2 H), (d, J = 7.8, 1 H), 7.23–7.28 (m, 1 H), 6.31 (t, J = 2.6 Hz, 1H), 4.23 (q, J = 7.2, 2 H), 3.28–3.33 (m, 2 H), 3.08 (t, J = 7.7 Hz, 1 H), 1.33 (t, J = 7.1 Hz, 3 H); ethyl ester of cis-indanone-CA: 1H-NMR (300 MHz, CDCl3) 𝛿 8.82 (d, J = 7.8 Hz, 1 H), 7.25–7.37 (m, 3 H), 5.97 (d, J = 2.0 Hz, 1 H), 4.22 (q, J = 7.2 Hz, 2 H), 2.97–3.01 (m, 2H), 2.89–2.94 (m, 2 H), 1.32 (t, J = 7.1 Hz, 2 H).

trans-indanone-CA; Ethanol (1.91 ml) and 5 M NaOHaq (1.93 ml) was added to the round flask containing trans-indanone-CA ethyl ester (0.77 mmol). The mixture was stirred for 15 h at room temperature. Distilled water was added to the solution up to 30 ml and extracted with ethyl acetate (3 × 30 ml). The pH of the water layer was adjusted to 1 using 6 N-HCl and, then extracted with ethyl acetate (3 × 30 ml). The organic layer was dried with Na2SO4, filtered, and concentrated in vacuo. The hydrolysis product was checked by TLC and used for the next coupling reaction without purification.

trans-indanone-CASL (t-indCASL); K2CO3 (0.91 mmol) was added to the crude trans-indanone-CA (0.45 mmol) in N-methyl-2-pyrrolidone (4.6 ml). 5-Bromo-3-methyl-2(5H)-franone (0.89 mmol) diluted in N-methyl-2-pyrrolidone (4.6 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N-HCl, and the solution was diluted to 50 ml with water, extracted with EtOAc (3 × 50 ml). The organic layer was washed with distilled water (3 × 150 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by a silica gel column chromatography (n-hexane/EtOAc:8/2) and PTLC (n-hexane/EtOAc:7/3) to afford trans-indanone-CASL (21.4 mg, 0.08 mmol, 18%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.60 (d, J = 7.8 Hz, 1 H), 7.38–7.43 (m, 2 H), 7.25–7.30 (m, 1 H), 7.01 (quin, J = 1.5 Hz, 1 H), 6.97 (quin, J = 1.5 Hz, 2 H), 6.29 (t, J = 2.4 Hz, 1 H), 3.30–3.35 (m, 2 H), 3.11 (t, J = 5.9 Hz, 2 H), 2.01 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.65, 30.57, 31.65, 92.24, 105.16, 121.90, 125.77, 126.93, 131.68, 134.18, 139.39, 142.49, 150.28, 165.12, 167.34, 171.36; HRMS [ESI+ (m/z)] calculated for (C16H14O4 + H)+ 271.0965, found 271.0978.

cis-indanone-CA; Ethanol (0.73 ml) and 5 M NaOHaq (0.73 ml) was added to the round flask containing cis-indanone-CA-Et (0.29 mmol). The mixture was stirred for 15 h at room temperature. Distilled water was added to the solution up to 30 ml and extracted with ethyl acetate (3 × 30 ml). The pH of the water layer was adjusted to 1 using 6 N-HCl and, then extracted with ethyl acetate (3 × 30 ml). The organic layer was dried with Na2SO4, filtered, and concentrated in vacuo. The hydrolysis product was checked by TLC and used for the next coupling reaction without purification.

cis-indanone-CASL (c-indCASL); K2CO3 (0.22 mmol) was added to the crude cis-indanone-CA (0.11 mmol) in N-methyl-2-pyrrolidone (1.1 ml). 5-Bromo-3-methyl-2(5H)-franone (0.22 mmol) diluted in N-methyl-2-pyrrolidone (1.1 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N-HCl, and the solution was diluted to 30 ml with water, extracted with EtOAc (3 × 30 ml). The organic layer was washed with distilled water (3 × 90 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:8/2) to afford cis-indanone-CASL (17.7 mg, 0.07 mmol, 60%). 1H-NMR (300 MHz, CDCl3) 𝛿 8.86 (d, J = 7.8 Hz, 1 H), 7.29–7.43 (m, 3 H), 6.98–6.99 (m, 1 H), 6.95 (quin, J = 1.7 Hz, 1 H), 5.94 (t, J = 1.8 Hz, 1 H), 6.29 (t, J = 2.4 Hz, 1 H), 2.93–3.0 (m, 4 H), 3.11 (t, J = 5.9 Hz, 2 H), 2.00 (t, J = 1.5 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.68, 29.57, 36.03, 92.35, 108.14, 125.17, 126.79, 129.05, 131.65, 134.20, 137.15, 142.49, 151.78, 163.75, 165.45, 171.39; HRMS [ESI+ (m/z)] calculated for (C16H14O4 + H)+ 271.0965, found 271.097.

cis and trans isomer mixture of the ethyl ester of tetralone derived-CA analogs; Ethyl 2-(diethoxyphosphoryl) acetate (12.08 mmol) was added to a solution of NaH (60% oil, 15.15 mmol) in dry THF (12 ml) at −78°C under Ar. The mixture was stirred for 15 min, and then 1-tetralone (10 mmol) in THF (6 ml) was added. After the stirring for 30 min, the mixture was placed on ice for 16 h and then stirred for 2 h at room temperature. The reaction was quenched with saturated aqueous NH4Cl and diluted with distilled water up to 50 ml. The mixture was extracted with dichloromethane (3 × 50 ml). The Organic layer was dried with Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by silica gel column chromatography (n-hexane/EtOAc:9/1) to afford the mixture of trans-tetralone-CA-Et and cis-tetralone-CA-Et. The mixture was used for the next hydrolysis reaction without purification.

cis and trans isomer mixture of tetralone derived-CA analogs; Ethanol (0.74 ml) and 5 M NaOHaq (0.75 ml) was added to the round flask containing the mixture of trans-tetralone-CA-Et and cis-tetralone-CA-Et (0.30 mmol). The mixture was stirred for 17 h at room temperature. Distilled water was added to the solution up to 30 ml and extracted with ethyl acetate (3 × 30 ml). Water phase pH was adjusted to 1 using 6 N-HCl and then extracted with ethyl acetate (3 × 30 ml). The organic layer was dried with Na2SO4, filtered, and concentrated in vacuo. These hydrolysis products were checked by TLC and used for the next coupling reaction without purification.

trans-tetralone-CASL (t-tetCASL) and cis-tetralone-CASL (c-tetCASL); K2CO3 (0.39 mmol) was added to the mixture of trans-tetralone-CA and cis-tetralone-CA (0.19 mmol) in N-methyl-2-pyrrolidone (1.9 ml). 5-Bromo-3-methyl-2(5H)-franone (0.38 mmol) diluted in N-methyl-2-pyrrolidone (1.9 ml) was added to the mixture, and the mixture was stirred for 12 h at room temperature. The reaction was quenched by adding 1 N-HCl, and the solution was diluted to 30 ml with water, extracted with EtOAc (3 × 30 ml). The organic layer was washed with distilled water (3 × 90 ml) and dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:8/2) to afford trans-tetralone-CASL (21.4 mg, 0.08 mmol, 40%) and cis-tetralone-CASL. cis-tetralone-CASL was purified again by reverse phase HPLC (ODS-SP100, CH3CN/H2O:7/3; 8.6 mg, 0.03 mmol, 16%). trans-tetralone-CASL: 1H-NMR (300 MHz, CDCl3) 𝛿 7.64 (d, J = 7.8 Hz, 1 H), 7.16–7.34 (m, 3 H), 6.99 (s, 1 H), 6.96 (s, 1 H), 6.31 (s, 1 H), 3.20–3.22 (m, 2 H), 2.81 (t, J = 6.0 Hz, 2 H), 2.01 (t, J = 1.5 Hz, 3 H), 1.87 (t, J = 6.0 Hz, 3 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.69, 22.47, 28.57, 30.10, 92.18, 109.52, 124.93, 126.51, 129.29, 130.56, 133.59, 134.24, 140.85, 142.48, 159.19, 164.53, 171.37; HRMS [ESI+ (m/z)] calculated for (C17H16O4 + H)+ 285.1121, found 285.1134; cis-tetralone-CASL: 1H-NMR (300 MHz, CDCl3) 𝛿 7.65 (d, J = 7.8 Hz, 1 H), 7.27–7.32 (m, 1 H), 7.13–7.18 (m, 2 H), 6.93 (t, J = 1.5 Hz, 1 H), 6.89 (t, J = 1.5 Hz, 1 H), 5.78 (s, 1 H), 2.87 (t, J = 6.6 Hz, 2 H), 2.52–2.56 (m, 2 H), 1.96–2.02 (m, 5 H); 13C-NMR (75 MHz, CDCl3), 𝛿 10.66, 22.99, 29.09, 35.42, 92.29, 111.88, 124.85, 128.42, 129.75, 130.21, 132.61, 134.20, 139.42, 142.28, 158.45, 164.41, 171.34; HRMS [ESI+ (m/z)] calculated for (C17H16O4 + H)+ 285.1121, found 285.1132.

GR5; γ-butyrolactone (2.0 mmol) and methyl formate (10 mmol) was added to the solution of potassium tert -butoxide in dry tetrahydrofuran at 4°C under Ar. The mixture was transferred to the room temperature and stirred for 6 h. 5-Bromo-3-methyl-2(5H)-franone (2.0 mmol) was added and stirred for 15 h at room temperature. The reaction was quenched by adding 1 N HCl, and the solution was diluted to 100 ml with distilled water, extracted with EtOAc (3 × 100 ml). The organic layer was dried over Na2SO4 and concentrated in vacuo. The crude sample was purified by silica gel column chromatography (n-hexane/EtOAc:5/5). Fractions containing the GR5 were purified again by silica gel column chromatography (Toluene/EtOAc:6/4; 46.2 mg, 0.22 mmol, 11%). 1H-NMR (300 MHz, CDCl3) 𝛿 7.48 (t, J = 2.7 Hz, 1 H), 6.94 (quin, J = 1.5 Hz, 1 H), 6.17(t, J = 1.5 Hz, 1 H), 4.39 (t, J = 7.2 Hz, 2 H), 2.93–2.87 (m, 2 H), 2.03 (t, J = 1.5 Hz, 3 H).



Germination Assay (Orobanche minor and Striga hermonthica)

Orobanche minor seeds were washed with 70% EtOH, and then sonicated for 4 min in 1% sodium hypochlorite solution containing 0.2% Tween-20. The seeds were then washed 10 times with sterile water and suspended in 0.1% agar solution. The seeds were loaded onto 5-mm glass fiber filter disks (20–70 seeds/disk) and were conditioned at 23°C for 15 days. Each disk was transferred into a 96-well plate. A 30 μl aliquot of test chemical solution was added to the well. For the germination assay, the chemical solutions were prepared by 1,000 times dilution from each acetone stock solution with water (final acetone concentration was 0.1%). GR24 solution (0.1% acetone) and sterile water (0.1% acetone) was used as positive and negative control, respectively. The 96 well plates were incubated for 5 days at 23°C and the number of total seeds and germinated seeds was counted.

Striga hermonthica seeds were washed with 70% EtOH, and then sonicated for 4 min in 1% sodium hypochlorite solution containing 0.2% Tween-20. The seeds were then washed 10 times with sterile water and suspended in 0.1% agar solution. The seeds were loaded onto 5-mm glass fiber filter disks (20–70 seeds/disk) and were conditioned at 30°C for 7 days. Each disk was transferred into a 96-well plate. A 30 μl aliquot of test chemical solution was added to the well. For the germination assay, the chemical solutions were prepared by 1,000 times dilution from each acetone stock solution with water (final acetone concentration was 0.1%). GR24 solution (0.1% acetone) and sterile water (0.1% acetone) was used as positive and negative control, respectively. The 96 well plates were incubated for 1 day at 30°C and total seeds and germinated seeds were counted.



Protein Expression (ShHTL6, ShHTL7, and AtD14)

The ORF fragment of ShHTL6 and ShHTL7 was synthesized using IDT gBlock service. The PCR amplified ShHTL6 and ShHTL7 fragment was digested with Nco I and EcoR I, and the digested product was introduced into a modified pET28 vector with an N-terminal His8 tag. Escherichia coli BL21(DE3) was used for protein expression. The overnight culture (12 ml) was added to a fresh LB medium (1.2 L) containing kanamycin (50 mg/L) at 37°C. After OD600 reached 0.8, 0.1 mM IPTG was added and the cell was further incubated at 16°C for 21 h. The culture medium was centrifuged at 3700 g and the pellet was stored at −20°C until use. The pellet was resuspended and sonicated in a lysis buffer (50 mM Tris buffer (pH 8.0) containing 500 mM NaCl, 10 mM 2-mercaptoethanol, and 10% glycerol). The supernatant was purified by Ni Sepharose TM 6 Fast Flow (500 μl, Cytiva). After washing with the washing buffer (50 mM Tris buffer (pH 8.0) containing 500 mM NaCl and 20 mM imidazole), The bound protein was eluted with elution buffer (50 mM Tris buffer (pH 8.0) containing 500 mM NaCl and 200 mM imidazole). The eluate was concentrated using VIVASPIN Turbo 15 (Sartorius), and the concentration was adjusted to 5 mg/ml. The purified protein was aliquoted to the appropriate volume, immediately frozen in liquid nitrogen, and stored at −80°C until use.

The cDNA of AtD14 was introduced into pMALHis vector that has both MBP-tag and His6-tag. The vector was transformed in to E. coli BL21 (DE3) and the cell was precultured in LB medium containing 50 μg/ml ampicillin. Overnight cultures (10 ml) were added to fresh LB medium (1 L) containing 50 μg/ml ampicillin and it was cultured at 37°C. After OD600 reached to 0.8, the cultures were cooled at 16°C for 1 h, and then 0.1 mM IPTG was added. The culture was further incubated at 16°C for 20 h. The culture medium was centrifuged at 3,700 g and the pellet was stored at −20°C until use. The pellet was resuspended and sonicated in lysis buffer (50 mM Tris buffer (pH 8.0) containing 500 mM NaCl, 10 mM 2-mercaptoethanol, and 10% glycerol). The supernatant was purified by Ni Sepharose TM 6 Fast Flow (500 μl, Cytiva) After washing with the washing buffer (50 mM Tris buffer (pH 8.0) containing 500 mM NaCl and 20 mM imidazole), The bound protein was eluted with elution buffer (50 mM Tris buffer (pH 8.0) containing 500 mM NaCl and 200 mM imidazole). The eluate was concentrated using VIVASPIN Turbo 15 (Sartorius), and the concentration was adjusted to 5 mg/ml. The purified protein was aliquoted to the appropriate volume, immediately frozen in liquid nitrogen, and stored at −80°C until use.



YLG Assay

In vitro YLG assays were conducted using 1 μg of recombinant ShHTL6 or ShHTL7 in 100 μl of reaction buffer (100 mM HEPES, 150 mM NaCl, pH 7.0) with 0.2% DMSO on a 96-well black plate (Greiner). After YLG was incubated with recombinant ShHTL6 or ShHTL7 for 1 h, the fluorescence was measured by spectraMax i5 (Molecular Devices) at excitation by 480 nm and detection by 520 nm. IC50 values were calculated using the online tool Quest GraphTM IC50 Calculator (AAT Bioquest, Inc., United States; https://www.aatbio.com/tools/ ic50-calculator).



Branching Assay

Sterilized seeds of the Arabidopsis max4-8 mutant were put on the rockwool which was soaked in Noren’s hydroponic solution (Noren et al., 2004) and cultured at 22°C for 14 days under LED light (105 μmol/m2/s) with a 16 h light/8 h dark photoperiod. Seedlings were transferred to a plastic pot containing 800 ml of hydroponic culture and grown under the same conditions for additional 15 or 16 days. Test compounds were dissolved in acetone and added to hydroponic culture. The final concentration of test compounds was 1 or 5 μM and acetone was adjusted to 0.01% (v/v). The hydroponic culture was renewed after 7 days. The number of rosette branches (>5 mm) was counted. In the experience at 5 μM concentration, fresh weight of shoot was also measured to evaluate the side effects of tested compounds.



Differential Scanning Fluorometry Experiments

DSF was conducted using 10 μg of the recombinant AtD14 protein in 20 μl of PBS buffer containing the 0.02 μl of Sypro Orange (Ex/Em: 490/610 nm; Invitrogen) and each compound with 5% (v/v) acetone on 96-well plate. These mixtures were heated from 20°C to 95°C, and the fluorescence (Ex/Em; 483/568) was constantly scanned by using LightCycler480 (Roche). The denaturation curve was calculated by using the LightCycler480 Software.



Hydrolysis Assay

Hydrolysis assays were carried out at 30°C for 60 min in 100 μl of a reaction buffer containing 0.13 pmol recombinant ShHTL7 or AtD14, 10 μM of substrate in 50 mM Phosphate-Na buffer (pH 7.0) containing 2% acetone. The enzyme reaction was stopped by addition of 100 μl of acetonitrile containing 1-naphtaleneacetic acid (NAA; 0.5 ng/μl) as an internal standard. After centrifuged at 13,000 rpm for 5 min, each sample was subjected to LC–MS/MS analysis equipped with reverse-phase column (CORTECS UPLC Phenyl 1.6 μm, ϕ2.1 × 75 mm; Waters). The concentration of remaining substrate and reaction product was calculated by using NAA as an internal standard. Detailed information about the analytical condition is described in Supplementary Table 1.



Time Course Monitoring of CASLs Degradation in Hydroponic Culture

t-CASL1, c-CASL1, PPASL, and GR5 were separately added to 15 ml tubes containing hydroponic culture. The final concentration of the test compounds is 1 μM and acetone was adjusted to 0.01% (v/v). These solutions were incubated under the same conditions as branching assay. After incubation for 0, 5, 24 72, or 168 h, 495 μl of hydroponic culture containing test compounds was collected and 5 μl of NAA solution (10 μM) was added as an internal standard. The solution was extracted with ethyl acetate. The ethyl acetate phase was dried up under the nitrogen gas and dissolved in acetonitrile. These samples were subjected to LC–MS/MS analysis equipped with reverse-phase column (CORTECS UPLC Phenyl 1.6 μm, ϕ2.1 × 75 mm; Waters). Each peak area of test chemicals and internal standard was calculated, and the remaining percentage of teste chemicals was calculated. At the same time, the degradation products of test compounds (CA or PPA) were also analyzed. Detailed information about the analytical condition was described in Supplementary Table 1.



Growth Promoting Assay and Root Phenotypic Analysis

Sterilized seeds of the Arabidopsis wild type Col-0 were put on the plate containing 1% (w/v) agar-solidified 0.5× Murashige and Skoog (MS) medium, 1% sucrose. Test compounds were dissolved in the medium at 1 μM by 10,000 times dilution from each acetone stock (final concentration of acetone was 0.01% (v/v)). To evaluate the growth promoting effect, these seedlings were cultured horizontally at 22°C for 20 days under LED light (105 μmol/m2/s) with a 16 h light/8 h dark photoperiod. After the cultivation, flesh weight of shoot was measured. For root phenotypic analysis, these seedlings were cultured verticaly at 22°C for 11 days under LED light (105 μmol/m2/s) with a 16 h light/8 h dark photoperiod. After the cultivation, root length was measured by using ImageJ software and number of lateral roots was counted by using a microscope.




RESULTS


Synthesis of SL Analogs Derived From CAs

To develop new SL analogs derived from cinnamic acid, we simply coupled the methylbutenolide (D-ring) to the carboxylic acid part of CA. To obtain structurally diverse analogs, we used as the starting materials both trans and cis CA isomers, and also 3-phenylpropionic acid (3-PPA), in which the double bond in the side chain is reduced to a single bond (Figure 2). It was previously reported that the isomerization of trans-CA to cis-CA is promoted by UV irradiation (254 nm; Yang et al., 1999). Accordingly, we prepared cis-CA according to this reported method. UV irradiation of the commercial trans-CA in MeOH solution promoted isomerization to the cis-isomer. Only the cis-isomer could be dissolved with water. Therefore, we could easily collect the cis-isomer after the isomerization, and it was then subjected to the D-ring coupling reaction. Hereafter, these new SL analogs derived from the isomers pair are referred to as c-CASL for cis isomer and t-CASL for trans isomer, respectively. The 3-PPA-derived SL analog is referred to as PPASL (Figure 2). Using these three analogs (c-CASL1, t-CASL1, and PPASL), we tested their germination-inducing activity for seeds of a root parasitic plant, Orobanche minor. We found that c-CASL1 showed approximately 10 times stronger germination-inducing activity than t-CASL1. Moreover, PPASL showed much weaker activity compared with c-CASL1 or t-CASL1, suggesting that the presence of the double bond in the side-chain structure has an important role for the biological activity as germination inducer for O. minor.
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FIGURE 2. Orobanche minor germination inducing activity of cinnamic acid (CA) derived SL analogs. (A) Synthetic scheme for the CA derived SL analogs. (B) Germination inducing activity of CASLs toward O. minor seeds. Data are the means ± SD (n = 3). cont. means control with only acetone at 0.1%.




Synthesis of C-4 Substituted CASLs and Conformationally Fixed Analogs

To obtain more potent analogs derived from CA, we further synthesized structurally diverse CASLs using 4-substituted CA derivatives as the starting materials. Each cis-isomer of CA was obtained by the above-mentioned method, and in total we synthesized 18 analogs (c-CASL2 to c-CASL10, t-CASL2 to t-CASL10, Figure 3A). Among these SL analogs, interestingly, c-CASL type isomers showed stronger activity compared with the corresponding trans isomer, with the approximately 10 times activity difference. Moreover, we found that introduction of an electron withdrawing group, such as NO2, CF3, Br, Cl, increased the germination-inducing activity with almost 10 times strength compared with the non-substituted compounds. These compounds induced O. minor germination at 1 nM concentration, which was almost equal activity to the positive control, GR24 (Figure 3B).

[image: Figure 3]

FIGURE 3. Orobanche minor germination inducing activity of C-4 substituted CA derived SL analogs. (A) Chemical structures of C-4 substituted type CASLs. (B) Germination inducing activity of tested compounds toward O. minor seeds. Data are the means ± SD (n = 3). cont. means control with only acetone at 0.1%.


We found that c-CASLs showed stronger activity for inducing O. minor germination than t-CASLs. In these synthetic analogs, the side-chain structure has flexible conformation because of its free rotation. In a previous study, this rotation of the CA side-chain was fixed by introducing a ring structure to connect the benzene ring to the side-chain double bond. Such conformationally restricted cis-CA analogs were found to have stronger activity as allelochemicals than non-fixed analogs (Nishikawa et al., 2013). Thus, we also prepared conformationally-fixed CASL analogs. Starting from indanone or tetralone, we introduced an olefin part by the Horner–Wadsworth–Emmons reaction, which produced a mixture of both cis and trans isomers of conformationally-fixed CA analogs. After hydrolysis of the ethyl ester, they were further subjected to the D-ring coupling reaction, which yielded conformationally restricted c-CASL and t-CASL (Figure 4A; indCASL or tetCASL). We found that both c-indCASL and c-tetCASL showed slightly stronger activity for inducing O. minor germination, compared with the corresponding unfixed analog (Figure 4B). In contrast, both t-indCASL and t-tetCASL showed much stronger activity, compared with the non-fixed analog, t-CASL1 (Figure 4B). These trans analogs showed activity almost equal to the corresponding cis isomer, showing that the activity difference between cis and trans isomer decreased by fixing the side chain rotation.

[image: Figure 4]

FIGURE 4. Orobanche minor germination inducing activity of conformationally fixed CA derived SL analogs. (A) Chemical structures of the conformationally fixed CASLs. (B) Germination inducing activity of tested compounds toward O. minor seeds. Data are means ± SD (n = 3). cont. means control with only acetone at 0.1%.




Interaction of CA-Derived SLs and the SL Receptor Protein

As mentioned above, we found that cis-CA-derived SL analogs showed stronger activity for inducing O. minor germination. To understand the molecular basis of the difference in activity between cis and trans isomers, we examined the interaction of each analog with the SL receptor protein. Because the SL receptors in O. minor have not yet been identified, we used the S. hermonthica sensitive receptor, HTL7 (Toh et al., 2015). We tested the interaction between HTL7 and each SL analog using yoshimulactone green (YLG), a pro-fluorescence-type SL analog. As mentioned earlier, HTL7 is a member of α/β-fold hydrolase family, and it was reported that YLG is hydrolysable by HTL7. YLG hydrolysis releases the fluorescein molecule, which can be easily monitored by fluorescence detector (Tsuchiya et al., 2018). As was reported previously, the SL analog, GR24, effectively inhibited the fluorescence emission with IC50 value 0.17 μM (Table 1; Supplementary Figure 1). Similarly, we found that the CASLs also inhibited YLG hydrolysis by HTL7 with moderately low IC50 values. Interestingly, c-CASLs showed lower IC50 values, compared with the corresponding t-CASLs (Table 1; Supplementary Figure 1). We also tested the interaction of these analogs with another SL receptor, HTL6, which is close to HTL7 but is not so sensitive compared with HTL7. Even in the case of HTL6, c-CASL showed lower IC50 value compared with t-CASL or PPASL (Supplementary Figure 2). These results strongly suggested that the activity difference between the cis and trans isomers of CASLs was because of the affinity difference for the receptor protein. As mentioned above, PPASL showed weaker activity for inducing O. minor germination, but this analog also inhibited YLG hydrolysis by HTL7 or HTL6, with a moderate IC50 value. Because we were able to detect the direct interaction of CASLs with the Striga SL receptor, we tested the germination-inducing activity of these compounds toward S. hermonthica seeds. We found that CASLs induced the germination of S. hermonthica seeds at moderately low concentration, and the activity of c-CASLs was stronger than that of the corresponding t-CASL, as was the case with O. minor (Figure 5).



TABLE 1. Evaluation of me direct interaction between ShHTL7 and CASLs.
[image: Table1]
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FIGURE 5. Germination inducing activity of CASLs toward Striga hermonthica seeds. Data are the means ± SD (n = 3). cont. means control with only acetone at 0.01%.




Shoot-Branching Inhibition Activity by CASLs

We next evaluated the activity of CASLs as plant hormones using a shoot-branching inhibition assay. The Arabidopsis SL biosynthetic mutant, max4, was hydroponically grown in the presence of each synthetic CASL analog. As was reported previously, 1 μM GR5, a simplified SL analog, clearly inhibited shoot branching of the max4 mutant (Umehara et al., 2015), but we did not see shoot-branching inhibition by any of these CASLs at the same concentration (Figure 6). At a higher concentration, 5 μM, we found slight decrease of the branching number by treatment with some of synthetic analogs. However, we also found that such chemicals also showed growth inhibiting activity with significant decrease of shoot weight, which might be the reason for the branching reduction (Supplementary Figure 3). Next, we examined the direct interaction of the Arabidopsis SL receptor, AtD14, with CASLs, using differential scanning fluorimetry (DSF), which is widely used for SL receptor biochemical analyses (Hamiaux et al., 2012; Seto et al., 2019). This method can evaluate the receptor–ligand interaction by measuring the ligand-inducible melting temperature shift of the receptor protein. Using this method, we found that both cis- and trans-CASLs induced a melting temperature shift of AtD14, suggesting that these CASLs were able to interact directly with the Arabidopsis SL receptor protein, at least in vitro (Supplementary Figure 4). To further address the weak activity of CASLs in the shoot branching inhibition assay, we examined the chemical stability of CASLs in the hydroponic culture conditions. We speculated that these analogs might be unstable because the D-ring is connected to the CA part by an ester bond. We simply incubated c-CASL1, t-CASL1, or PPASL in the hydroponic culture medium, which was used for the shoot-branching inhibition assay, and the non-enzymatic degradation of each chemical was monitored by LC–MS/MS analysis. As we expected, both c-CASL1 and t-CASL1 degraded more rapidly than did GR5, with almost 40% loss within 1 week (Supplementary Figure 5A). In addition, we detected the release of the CA part, which gradually increased over time (Supplementary Figure 5B). Thus, instability of these analogs could be one reason for the inactivity of CASLs in the shoot-branching inhibition assay. We also found that SL receptors, AtD14 and HTL7, can hydrolyze c-CASL, t-CASL, or PPASL (Supplementary Figure 6). Thus, receptor-dependent degradation of these compounds might be also the reason for weak activity in shoot branching inhibition. However, we cannot rule out some other possibilities, for instance that the uptake of these analogs by Arabidopsis might be quite poor for some reason, or that CASLs might be metabolized rapidly in planta. Moreover, as mentioned above, CASLs exhibited growth inhibiting activity toward Arabidopsis at a high concentration. Thus, this would be another possible reason for apparent weak activity of CASLs as plant hormones.
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FIGURE 6. Shoot branching inhibiting activity of CASLs using the Arabidosis max4 mutant. Number of axillary shoots (Over 5 mm) of max4 which were grown in hydroponic culture containing test compounds at 1 μM concentration was counted. Data are means ± SD (n = 8–11). Different letters indicate significant differences at p < 0.05 with Tukey multiple comparison test. cont. means control with only acetone at 0.1%.




Plant Growth Promoting Activity of CASLs

As mentioned earlier, cis-CA, but not trans-CA, was reported to have plant growth-promoting activity at relatively low concentration by inhibiting the auxin efflux (Steenackers et al., 2017, 2019). Because c-CASL1 was found to be non-enzymatically degraded to some extent, we expected that c-CASL1 treatment might bring the same effect as treatment with cis-CA alone. To test this hypothesis, we grew Arabidopsis WT plants on the agar plates containing c-CASL1, t-CASL1, cis-CA, or trans-CA. cis-CA was reported to promote lateral root growth and thus to increase leaf size. We found that root growth phenotype was affected by not only cis-CA but also c-CASL1 (Supplementary Figure 7A). These two compounds almost equally inhibited the primary root length as well as increased the lateral root density (Supplementary Figure 7B). The root growth direction was also affected by c-CASL as was the case with cis-CA (Supplementary Figure 7A). Moreover, we observed an increase in shoot fresh weight after treatment with cis-CA or c-CASL (Figure 7). Thus, we conclude that c-CASL1 treatment produced the same effect as cis-CA treatment with growth promotion in Arabidopsis.

[image: Figure 7]

FIGURE 7. Effects of the CAs and CASLs on the Arabidosis seedling growth. (A) Fresh weight of the shoot parts after growing for 20 days on agar plate containing 1 μM test compounds. Data are the means ± SD (n = 13–25). Asterisk indicate the significant differences between the control using t-test (*p < 0.05). (B) Shoot phenotype of 20-days old seedling which were grown on the agar medium containing the indicated compounds (Scale bar = 1 cm). cont. means control with only acetone at 0.1%.





DISCUSSION

In this paper, we report successful development of a series of new SL analogs derived from CA, which is the basis of a class of phenylpropanoid compounds widely distributed in the plant kingdom. We synthesized 25 analogs, all of which showed moderate activity as suicidal germination inducers for the root parasitic plants, O. minor and S. hermonthica. The most active compounds, in which an electron withdrawing group was introduced at the C-4 position, showed almost equal activity to GR24. Interestingly, cis-CA-derived SL analogs showed stronger activity than the corresponding trans isomer-derived analogs. We also found that cis-CASLs interacted with the S. hermonthica receptor, HTL7 or HTL6, more strongly than the corresponding trans-CASLs. We also synthesized an analog from 3-PPA (denoted PPASL), in which the side-chain double bond was reduced to a single bond, and this analog showed very weak activity compared with the CA-derived analogs. However, in vitro YLG assay results showed that PPASL interacted directly with HTL7 with a relatively low IC50 value, as did other analogs. We still do not know the reason for the weak activity of this analog, but it might be possible that the uptake of this analog by the parasitic plant seeds is less effective than the CA derivatives, for some reason, or that this analog might be quickly metabolized in planta.

Because cis-CASL showed stronger activity inducing germination of the parasitic plants, we synthesized conformationally-fixed analogs by introducing a 5-member or 6-member ring structure. However, the activity of the conformationally-fixed cis isomer analogs (c-indCASL, or c-tetCASL) was not increased compared with the non-fixed analog, c-CASL1. In contrast, in the case of the trans isomer analogs, the fixed conformation analogs (t-indCASL, or t-tetCASL) showed much stronger activity compared with the non-fixed analog, t-CASL1. Therefore, introducing a fixed conformation decreased the activity difference between cis and trans isomers; however, this strategy would not be suitable as a method to obtain more potent analogs.

We also found that CA-derived SL analogs did not inhibit shoot branching in Arabidopsis when applied to the SL biosynthetic mutant, max4, at 1 μM. At a high concentration, 5 μM, some of these analogs slightly inhibited shoot branching. However, it was likely that the branching reduction was due to the growth inhibiting activity by a side effect of the tested compounds. If considering that these analogs were active as the germination inducers for root parasitic plants at concentrations well below 1 μM, these new analogs might provide new lead chemicals as suicidal germination inducers that do not affect the host plant architecture. Because cis-CA was reported to promote plant growth at relatively low concentration, we evaluated c-CASL1 for such activity. As a result, we found that not only cis-CA but also c-CASL1 showed growth-promoting activity toward the Arabidopsis WT plant. As CA-derived SLs were found to be degraded to some extent in the hydroponic culture medium, it is likely that the growth-promoting activity of c-CASL1 was simply a result of its degradation in the culture medium, leading to release of free c-CA. It would be also possible that CASLs are hydrolyzed to cis-CA in a manner dependent on the SL receptor, D14. In fact, CASLs were hydrolyzed by AtD14 or HTL7. Although we have not tested for activity toward other plants, including crop species, these new SL analogs might provide lead chemicals with two activities, as suicidal germination inducers for root parasitic plants as well as plant growth-promoting reagents for the host plants. This feature could be one of advantages compared with the previously reported SL analogs.

In conclusion, we successfully prepared new SL analogs derived from CA with useful biological activities. Many structural analogs of CA are commercially available, therefore it would be possible to prepare more diverse analogs to obtain further potent agonists.
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Although the main players of the strigolactone (SL) signaling pathway have been characterized genetically, how they regulate plant development is still poorly understood. Of central importance are the SUPPRESSOR OF MAX2 1-LIKE (SMXL) proteins that belong to a family of eight members in Arabidopsis thaliana, of which one subclade is involved in SL signaling and another one in the pathway of the chemically related karrikins. Through proteasomal degradation of these SMXLs, triggered by either DWARF14 (D14) or KARRIKIN INSENSITIVE2 (KAI2), several physiological processes are controlled, such as, among others, shoot and root architecture, seed germination, and seedling photomorphogenesis. Yet another clade has been shown to be involved in vascular development, independently of the D14 and KAI2 actions and not relying on proteasomal degradation. Despite their role in several aspects of plant development, the exact molecular mechanisms by which SMXLs regulate them are not completely unraveled. To fill the major knowledge gap in understanding D14 and KAI2 signaling, SMXLs are intensively studied, making it challenging to combine all the insights into a coherent characterization of these important proteins. To this end, this review provides an in-depth exploration of the recent data regarding their physiological function, evolution, structure, and molecular mechanism. In addition, we propose a selection of future perspectives, focusing on the apparent localization of SMXLs in subnuclear speckles, as observed in transient expression assays, which we couple to recent advances in the field of biomolecular condensates and liquid–liquid phase separation.
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INTRODUCTION


Strigolactones Signal Through D14 and MAX2

Plants continuously tailor their growth to a vast array of external and internal stimuli, which are integrated and translated into a developmental output by the interplay of several endogenous signaling molecules. Numerous aspects of plant development are modulated by one of the most recently characterized class of phytohormones, strigolactones (SLs; reviewed in Aquino et al., 2021). However, SLs had originally been discovered as rhizosphere signals that enable the interaction between the plant host and symbiotic organisms, both parasitic, i.e., root-parasitic plants from the Orobanchaceae family (reviewed in Bouwmeester et al., 2021), and mutualistic, i.e., arbuscular mycorrhizal fungi (reviewed in Lanfranco et al., 2018). Thus far, more than 30 different SLs have been identified in a multitude of plant species (Yoneyama et al., 2018; Xie et al., 2019). Initially, only compounds, now referred to as canonical SLs, consisting of a tricyclic ABC scaffold connected through an enol ether bridge to a butenolide D-ring, were considered as SLs. Based on the configuration of the stereocenter between the B- and C-rings, canonical SLs can be subdivided in strigol-like and orobanchol-like molecules (Wang and Bouwmeester, 2018). More recent discoveries revealed the existence of noncanonical SLs, in which the D-ring is attached to a chemical structure different from the canonical ABC scaffold (Yoneyama et al., 2018). All natural SLs contain a stereocenter at the 2′ position of the D-ring, which is set in an R configuration (Flematti et al., 2016). In contrast, the most extensively used SL analog, rac-GR24, is synthesized as a racemic mixture consisting of both the 2’R and 2’S enantiomers, each with a distinct functionality in plant growth. The current nomenclature of GR24 isomers refers to a stereotypic strigol-like (5-deoxystrigol; 5DS) or orobanchol-like (4-deoxyorobanchol; 4DO) compound, thus specifying the configuration of the ABC rings.

In angiosperms, SLs are perceived by the dual function receptor/enzyme DWARF14 (D14), a member of the α/β-fold hydrolase superfamily (Figure 1; Hamiaux et al., 2012; Zhao et al., 2013; de Saint Germain et al., 2016; Yao et al., 2016). A characterizing feature of α/β hydrolases is the presence of a conserved catalytic serine-histidine-aspartic acid (Ser-His-Asp) triad. Based on the crystal structures of the Arabidopsis thaliana and Oryza sativa (rice) D14 homologs, a mode of action had been suggested, in which D14 hydrolyzes the SL molecule, opening the D-ring and detaching it from the ABC scaffold that subsequently leaves the catalytic site. The open D-ring is covalently bound to the catalytic Ser residue and finally transferred to the catalytic His, through the formation of a ‘covalently linked intermediate molecule’ (CLIM; Nakamura et al., 2013; Zhao et al., 2013, 2015; Yao et al., 2016; Shabek et al., 2018). Although hydrolysis of SLs had initially been hypothesized as essential to convert D14 into an active state, later evidence resulted in the competing hypothesis that D14 becomes active upon binding of SL, whereas hydrolysis merely deactivates the bioactive molecule (Seto et al., 2019). To date, the precise function of SL hydrolysis and the nature and role of the covalent modifications of D14 remain open questions (Bürger and Chory, 2020).

[image: Figure 1]

FIGURE 1. Core D14 and KAI2 signaling pathways. The signaling complexes formed after the perception of their respective ligands as well as a selection of phenotypes affected by the SMXL protein degradation are shown, induction of seed germination induction, inhibition of root hair development, hypocotyl elongation, lateral root formation, and shoot branching. A more extensive list of processes regulated by these pathways can be found in Table 1. GR24, rac-GR24; KL, KAI2 ligand; SL, strigolactone.


After perception of its ligand, further signal transduction relies on the D14-mediated recruitment of the F-box protein MORE AXILLARY GROWTH 2 (MAX2; Figure 1; Stirnberg et al., 2007; Waters et al., 2012). As a part of an SKP-CULLIN-F-box (SCF) complex, MAX2 is responsible for the polyubiquitination of certain target proteins from the SUPPRESSOR OF MAX2 (SMAX)1-LIKE (SMXL) family, which are consequently degraded by the 26S proteasome, resulting in downstream signaling (Stirnberg et al., 2007; Jiang et al., 2013; Stanga et al., 2013; Zhou et al., 2013; Soundappan et al., 2015). Interaction between MAX2 and D14 involves a cycle of concerted conformational changes of both proteins, partly determining whether D14 continues to activate signaling or is degraded in a MAX2-dependent manner (Chevalier et al., 2014; Hu et al., 2017; Shabek et al., 2018). Crystal structure studies in rice revealed that this balance depends on DWARF3 (D3) and DWARF53 (D53), the rice homologs of MAX2 and SMXL6/7/8, respectively. Indeed, D3 switches between two functional conformations, characterized by different positions of its C-terminal α-helix (CTH) that can either be engaged with or dislodged from the remainder of the protein (Shabek et al., 2018). When D14 binds bioactive SLs, D3 with a dislodged CTH will interact with and hold D14 in an open and enzymatically inactive conformation, until D53, cooperatively bound by D14 and the D3-CTH, is recruited to the signaling complex (Shabek et al., 2018). This tripartite interaction will trigger the D14 enzymatic activity. Hence, D14 will hydrolyze SLs and switch to a closed conformation, in turn converting D3 to its CTH-engaged form. In this form, the signaling complex will ubiquitinate D53, resulting in its degradation and removal from the complex (Jiang et al., 2013; Zhou et al., 2013; Shabek et al., 2018). Finally, D14 itself is also polyubiquitinated and proteasomally degraded. The current knowledge on D14 ligand perception and hydrolysis, as well as the formation of the D14-MAX2-SMXL complex and activation of SL signaling, have been recently reviewed in detail (Bürger and Chory, 2020). Nevertheless, the exact stoichiometry of the process remains unclear: how many SL molecules can D14 hydrolyze before it gets degraded? How many SMXL proteins can be marked for degradation for each hydrolyzed SL molecule (Shabek et al., 2018)?



The D14 Homolog KAI2 Induces a Parallel Signaling Pathway

MAX2 is important not only for SL signaling but also for the response to a class of exogenous compounds, karrikins (KARs), produced from burned plant material (Flematti et al., 2004; Nelson et al., 2009, 2011). This observation was followed by the discovery of another α/β hydrolase and D14 paralog, KARRIKIN INSENSITIVE 2 (KAI2) or HYPOSENSITIVE TO LIGHT (HTL), that acts as a KAR receptor (Sun and Ni, 2011; Waters et al., 2012). In a pathway similar to that of D14-MAX2, perception of KARs by KAI2 results in the recruitment of the SCFMAX2 complex and marking for proteasomal degradation of SMXL proteins (Figure 1; Nelson et al., 2011; Stanga et al., 2013, 2016; Khosla et al., 2020; Wang et al., 2020b). Despite the use of highly related components, D14- and KAI2 signaling regulate distinct, but overlapping sets of developmental outputs (see below; De Cuyper et al., 2017; Machin et al., 2020). As already established, both pathways also have distinct inputs; considering exogenous compounds, D14 is generally responsive to 2’R-configured SLs and the SL analogs GR245DS and GR244DO, whereas KAI2 responds to KARs and the 2’S-configured GR24ent-5DS (Scaffidi et al., 2014; Waters et al., 2015b; Flematti et al., 2016). In contrast to D14, KAI2 is found in all sequenced land plant genomes and in some charophyte algae, suggesting that KAI2-MAX2-dependent signaling is ancestral and that D14 probably evolved through duplication and neofunctionalization of KAI2 (Delaux et al., 2012; Bythell-Douglas et al., 2017). Interestingly, the ability to perceive SLs has been proposed to have arisen at least additionally twice in the evolution of land plants, because both the moss Physcomitrium patens and the parasitic plant species from the Orobanchaceae family possess KAI2-like SL-sensitive receptors (Conn et al., 2015; Xu et al., 2018; Lopez-Obando et al., 2021).

Despite its ubiquity in land plant species, ligand perception by KAI2 is much less understood than that of D14. Although the Ser-His-Asp triad of KAI2 was found necessary for signaling and KAI2 displays hydrolytic activity toward GR24ent-5DS, KARs are not susceptible to such hydrolysis (Scaffidi et al., 2012; Waters et al., 2015b; Yao et al., 2018). Additionally, the precise orientation in which KAR molecules bind in the catalytic pocket is inconsistent in crystal structures of different KAI2 homologs (Guo et al., 2013; Xu et al., 2016). As KARs also generally appeared unable to activate KAI2 in assays outside the plant cell, they have been suggested to require some unknown in planta metabolic steps to turn them into suitable KAI2 ligands (Guo et al., 2013; Nakamura et al., 2013; Waters et al., 2015a; Xu et al., 2016, 2018; Yao et al., 2018; Khosla et al., 2020; Wang et al., 2020b). Moreover, the currently reigning hypothesis states that both KARs and GR24ent-5DS are merely substitutes for endogenous KAI2 ligands (KLs; Waters et al., 2012; Conn and Nelson, 2016). Despite many independent lines of evidence supporting their existence, KLs have not been detected yet, and their nature is still unknown (Nelson et al., 2011; Conn et al., 2015; Waters et al., 2015b; Sun et al., 2016). Similar to D14, KAI2 is also subjected to ligand-induced degradation, but its degradation has been shown to be independent of MAX2 and the 26S proteasome (Chevalier et al., 2014; Waters et al., 2015a; Hu et al., 2017; Yao et al., 2018). For both receptors, the role this degradation plays in signaling is still unclear.



SMXL Proteins Regulate a Wide Variety of Physiological Processes

In Arabidopsis, the family of SMXLs consists of eight members, classified into four phylogenetic subclades, SMAX1/SMXL2, SMXL3, SMXL4/5, and SMXL6/7/8, which also largely correspond to their functions (Stanga et al., 2013; Moturu et al., 2018; Walker et al., 2019). SMXL6/7/8 are the target proteins first described as being ubiquitinated and degraded upon SL-activated D14-MAX2 signaling. This pathway regulates several physiological processes, including inhibition of shoot branching (Soundappan et al., 2015; Wang et al., 2015), cotyledon expansion (Soundappan et al., 2015) and lateral root outgrowth (Soundappan et al., 2015; Villaécija-Aguilar et al., 2019); increase of branch angle (Liang et al., 2016) and leaf and petiole length (Soundappan et al., 2015); promotion of stem elongation (Soundappan et al., 2015; Liang et al., 2016), leaf senescence (Bennett et al., 2016) and secondary growth (Liang et al., 2016); and protection against drought stress through stomatal closure (Yang et al., 2020a), thickening of the cuticle and production of anthocyanins (Figure 1; Table 1; Li et al., 2020). The role for SMXL6/7/8 in shoot branching or tillering in monocotylednous plants, has been studied in several additional species, including rice, wheat (Triticum aestivum), and pea (Pisum sativum), suggesting that this role for SL signaling is conserved at least across angiosperms (Jiang et al., 2013; Zhou et al., 2013; Liu et al., 2017; Kerr et al., 2021). In apple (Malus domestica) and woodland strawberry (Fragaria vesca), SMXL6/7/8 has been inferred to play a role in abiotic stress and flower development respectively, although not yet confirmed by functional characterization (Li et al., 2018; Wu et al., 2019).



TABLE 1. Physiological functions of SMXL proteins with the corresponding core signaling pathways and the manner (positive or negative), in which the phenotype is regulated by the SMXLs.
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The KAI2-MAX2 signaling pathway has been proposed to only target SMAX1/SMXL2 for proteasomal degradation (Khosla et al., 2020; Wang et al., 2020b; Zheng et al., 2020). SMAX1 is directly involved in the regulation of seed germination (Stanga et al., 2013) and leaf development (Soundappan et al., 2015) and, together with SMXL2, in hypocotyl elongation (Stanga et al., 2013, 2016), lateral root density and root hair growth (Villaécija-Aguilar et al., 2019), and anthocyanin production (Figure 1; Table 1; Bursch et al., 2021). In lotus (Lotus japonicus), besides its role in KAI2-MAX2-SMAX1 signaling in root hair elongation, SMAX1 also seemingly regulates primary root length (Carbonnel et al., 2020). A new function for D14Like(OsKAI2)-D3(OsMAX2)-OsSMAX1 signaling was reported in rice, namely regulation of the arbuscular mycorrhizal fungi symbiosis establishment (Gutjahr et al., 2015; Choi et al., 2020a). Additionally, mesocotyl elongation in rice seedlings is also controlled by OsSMAX1, reminiscent of its influence on hypocotyl growth in Arabidopsis (Choi et al., 2020a; Zheng et al., 2020).



SMXL3/4/5 Function Independently From KAI2 and D14 Signaling

The third and fourth SMXL clade, containing SMXL3 and SMXL4/5, respectively, in Arabidopsis, is the least studied, and its involvement in primary phloem formation was discovered relatively recently (Wallner et al., 2017; Wu et al., 2017). In addition, SMXL4/5, but not SMXL3, regulate secondary phloem development during radial growth, pointing to a possible functional distinction between the SMXL3 and SMXL4/5 clade (Shi et al., 2019; Wallner et al., 2020). SMXL4 also plays additional roles in gibberellic acid- and light-dependent regulation of flowering and seed setting, as well as in drought stress tolerance (Yang et al., 2015, 2016, 2020b). Contrary to other SMXL family members in Arabidopsis, SMXL3/4/5 are not involved in either KL or SL signaling and are not subjected to MAX2-dependent degradation (Wallner et al., 2017). Even though members of this clade are found throughout seed plants, their physiological roles in species other than Arabidopsis remain to be discovered (Walker et al., 2019).



Functional Overlap Between SMXL Clades

Noteworthy, some phenotypes, such as leaf shape and lateral root density in Arabidopsis, and mesocotyl elongation in rice, are apparently under the control of both D14- and KAI2-dependent signaling, possibly to be interpreted as common outputs of the canonical D14-MAX2-SMXL6/7/8 and KAI2-MAX2-SMAX1/SMXL2 signaling complexes (Soundappan et al., 2015; Villaécija-Aguilar et al., 2019; Zheng et al., 2020). However, the attribution of a given SMXL subclade to either D14-MAX2 or KAI2-MAX2 partners might not be as clear-cut as initially thought. Indeed, the effect of KAI2 on root skewing depended on both SMAX1/SMXL2 and SMXL6/7/8, although these results were not consistent between different laboratories (Swarbreck et al., 2019; Villaécija-Aguilar et al., 2019). Also, D14-dependent inhibition of hypocotyl elongation was found to require SMAX1/SMXL2, rather than SMXL6/7/8 (Figure 1; Table 1; Wang et al., 2020b; Li et al., 2022). This finding is important, but must nonetheless be taken with caution, because this conclusion was based on the use of a synthetic SL analog (GR244DO), and D14 signaling triggered by endogenous SLs is not involved in hypocotyl elongation (Nelson et al., 2011; Waters et al., 2012). However, recently, it was suggested that endogenous SLs might also employ D14-SMAX1/SMXL2 in another physiological context, namely the response to osmotic stress (Li et al., 2022).

Interestingly, in Arabidopsis, overaccumulation of SMAX1 could partly complement the increased shoot branching phenotype of max2, contrasting with the absence of a shoot branching phenotype in smax1 (Zheng et al., 2021), but whether SMAX1 is involved in shoot branching regulation under physiological conditions remains to be seen. Along with the observation that AtSMAX1 is able to complement a smxl45 double mutant, when expressed under the SMXL5 promoter, SMXL proteins from different subclades might possibly operate through a partially conserved mechanism/interaction network (Wallner et al., 2017).

Although knowledge on SMXL proteins is gradually increasing, several open questions on the activity and regulation of SMXLs still remain. The fact that SMXL3/4/5 are not subjected to MAX2-dependent degradation hints at the regulation of SMXL activity through another mechanism. Indeed, SMXL5 activity in sieve elements has been reported to be regulated at a translational level, through JULGI dependent formation of G-quadruplexes in SMXL5 mRNA (Cho et al., 2018). However, it is not clear whether SMXL5 activity is controlled only in this manner and whether it is unique to SMXL3/4/5 or a general characteristic throughout the SMXL family. Additionally, novel insights on the physiological function of D14 and KAI2 signaling and their target SMXLs point toward an overlap and interaction between different SMXL clades, not yet recognized previously. Finally, the molecular mechanism by which SMXLs regulate physiological processes is still not completely uncovered. Through a compilation of recent findings on the phylogeny, activity, and regulation of SMXLs, we provide future cues to address the questions still surrounding these enigmatic proteins.




EVOLUTION AND PHYLOGENY OF SMXLS

Since the discovery of D53/SMXL proteins in rice (Jiang et al., 2013; Zhou et al., 2013; Zheng et al., 2020) and Arabidopsis (Stanga et al., 2013; Soundappan et al., 2015), SMXL family members have gradually been characterized in additional plant species, including wheat (Liu et al., 2017), apple (Li et al., 2018), woodland strawberry (Wu et al., 2019), lotus (Carbonnel et al., 2020), and pea (Kerr et al., 2021). Recent efforts to unravel the evolutionary history of this gene family have shown that SMXLs are both unique to and ubiquitously present in all land plants (Figure 2A; Walker et al., 2019). In angiosperms (a), SMXLs are grouped in four distinct clades, designated aSMAX1, aSMXL3/9, aSMXL4, and aSMXL7/8, which presumably arose from a single ancestral SMXL clade through two whole-genome duplication events, respectively at the origin of the seed plants and angiosperms (Moturu et al., 2018; Walker et al., 2019).
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FIGURE 2. Evolution and structure of SMXL proteins. (A) Dendrogram showing the phylogenetic relationships between the major SMXL clades in different land plants. (B) Function of the structural domains of Arabidopsis SMAX1 and SMXL7. Colored blocks represent structural domains: N domain (red), D1 domain (orange), M domain (yellow), D2 domain NTPase 1 (D2a; green), a spacer containing the EAR-motif (light blue), and D2 domain NTPase 2 (D2b; dark blue). Colored lines represent short amino acid motifs: Walker A motif (yellow line), Walker B motif (purple line), EAR motif (white), and RGKT motif (blue).


Based on genomic and de novo transcriptome assembly data from several species belonging to the bryophytes, lycophytes, and monilophytes, nonseed plants were concluded to generally possess only one ancestral SMXL clade, and most often a single SMXL copy (Walker et al., 2019). This ancestral SMXL is the most similar to the aSMAX1 clade and thought to be involved in the ancient KAI2-MAX2-dependent responses to KL (Bythell-Douglas et al., 2017; Walker et al., 2019). Recently, this hypothesis was supported by the discovery that in the liverwort Marchantia polymorpha, KAI2 and MAX2 homologs regulate thallus growth and gemma elongation through the degradation of the only SMXL homolog found in this species (Mizuno et al., 2021).

Despite the presence of the SL biosynthesis enzymes D27, CAROTENOID CLEAVAGE DIOXYGENASE (CCD) 7, CCD8, and MAX1 in most nonseed plants, the canonical SL receptor D14 is only found in seed plants (Bythell-Douglas et al., 2017; Walker et al., 2019), leading to the assumption that SLs first acted as symbiotic signals in the rhizosphere, rather than as plant development-regulating phytohormones (Kodama et al., 2021). Interestingly, most nonvascular land plants possess additional KAI2-like receptors, whereas in the moss P. patens, they appear to have evolved independently from D14 to act as SL receptors (Bythell-Douglas et al., 2017; Lopez-Obando et al., 2021). This SL sensitivity emergence in mosses is correlated with the acquisition of a second clade of SMXLs (Walker et al., 2019), allowing us to speculate that these additional SMXLs have been recruited as SL signaling targets (Figure 2A). Independently, a similar event has seemingly occurred at the origin of the angiosperms, when the SMAX1 lineage split into aSMAX1 and aSMXL7/8 (Walker et al., 2019). However, SL signaling in P. patens does not depend on MAX2, suggesting that this comparison is not entirely reliable and that functional examination of SMXL homologs in mosses is still needed to uncover their precise role (Lopez-Obando et al., 2021).

The currently designated canonical (i.e., D14- and MAX2-dependent) SL signaling has seemingly evolved at the source of the seed plants. Gymnosperms (g) only possess one gSMAX1 and one gSMXL4 clade, both originating from and very similar to the ancestral SMXL (Moturu et al., 2018; Walker et al., 2019). Based on data in angiosperms, the SMXL4 clade is not assumed to be involved in either KL or SL signaling, leading to the hypothesis that both pathways could target members of the gSMAX1 clade in gymnosperms (Wallner et al., 2017; Walker et al., 2019). This duplication of a single ancestral SMXL into a SMAX1 and SMXL4 correlates with the acquisition of two important traits, namely the formation of seeds and secondary growth (Linkies et al., 2010; Spicer and Groover, 2010; Walker et al., 2019). Especially interesting is that in Arabidopsis members of the SMAX1 clade are important for seed germination and seedling establishment, whereas the SMXL4 clade is involved in secondary phloem formation (Stanga et al., 2013; Shi et al., 2019; Wallner et al., 2020; Wang et al., 2020b). Hence, duplication and neofunctionalization of SMXLs might possibly have played a part in the development of these traits. Alternatively, because the main role of SMXL4 clade members apparently lies in vascular tissue formation (Wallner et al., 2017, 2020), we might consider that the SMXL4 clade possibly originated from subfunctionalization, rather than from neofunctionalization, and that the ancestral SMXL clade had already acquired a role in vascular development in Tracheophyta. To determine whether the SMXL4 clade or the other divisions of SMXLs in subclades originated through subfunctionalization or neofunctionalization, the recent, but still scarce, data on the SMXL phylogeny should be supplemented with functional insights into the roles of SMXLs in non-angiosperms.

A second whole-genome duplication at the origin of the angiosperms resulted in the further subdivision of the SMXL4 clade into aSMXL4 and aSMXL3/9. On the contrary, the SMAX1 clade diverged into aSMAX1, preserving its putative function in KL signaling, and aSMXL7/8, mainly functioning as targets for D14-dependent SL signaling. Further duplications of aSMXL7/8 and aSMXL3/9 in dicotyledonous plants resulted in SMXL7 and SMXL8, and SMXL3 and SMXL9, respectively. Finally, presumably at the origin of the Brassicaceae, SMXL2, SMXL6, and SMXL5 emerged from the dicot SMAX1, SMXL7, and SMXL4, respectively, together with the loss of SMXL9 leading to the SMXL diversity, as observed nowadays in Arabidopsis (Walker et al., 2019). Based on amino acid sequence identity, most of the divergence between different SMXL clades has been assumed to have happened during the evolution of angiosperms, possibly hinting at a need for neofunctionalization of these regulatory proteins (Walker et al., 2019).



SMXL ARE PLANT-SPECIFIC ATYPICAL CLP-ATPASES

Early reports on SMXL proteins have highlighted that their domain organization and certain key motifs resembled that of members of the caseinolytic peptidase B (ClpB) ATPase family (Zhou et al., 2013). Clp proteins are present in all three domains of life: Bacteria, Archaea, and Eukaryotes. In bacteria, they are known to assemble in ATPase complexes that unfold proteins by using energy from ATP hydrolysis, functioning either as “proto-proteasomes” or chaperones in the removal of protein aggregates (Singh and Grover, 2010). Indeed, depending on the addition of an unrelated ClpP serine protease to the ATPase complex, unfolded proteins can subsequently be either degraded or refolded correctly (Kim et al., 2001).

Based on the presence of certain domains, Clp ATPase proteins can be divided in two distinct classes, but both classes contain a Clp-N domain at the N-terminus, apparently mainly involved in substrate recognition, often through the association with adaptor proteins, such as ClpS (Wojtyra et al., 2003; Mizuno et al., 2012; Zhang et al., 2012; Nishimura et al., 2013, 2015; Mishra and Grover, 2016). In class I Clp ATPases, the N-terminal domain is followed by two nucleotide-binding domains (NBDs), which are separated by a variable M domain. In contrast, class II Clp ATPases lack the M domain and contain only the C-terminal NBD2 (Kress et al., 2009). The NBDs are necessary for ATP hydrolysis and oligomerization in a hexameric pore complex and require two conserved motifs for their function, Walker A and Walker B (Gottesman et al., 1990; Schirmer et al., 1996). In addition, the NBD2 domain can also contain an IGF/L motif, the presence of which will grant the Clp ATPase the ability to interact with a ClpP protease, and thus to degrade the unfolded protein (Kim et al., 2001; Singh et al., 2001).

Besides SMXLs, plants possess three class I (ClpB, ClpC, and ClpD) and one class II (ClpX) Clp ATPase subtypes, as well as ClpP proteases and ClpS adaptors (Peltier et al., 2004). As previously shown for bacteria and yeast ClpB, plant ClpB proteins cannot interact with ClpP and are hence presumed to act exclusively as chaperones (Kim et al., 2001; Peltier et al., 2004). Indeed, in bacteria and eukaryotes, ClpB homologs are transcriptionally induced under heat shock conditions and they protect the cells against heat stress (Squires et al., 1991; Sanchez et al., 1992; Schirmer et al., 1994). Moreover, plant ClpB proteins can be cytosolic (Agarwal et al., 2002; Singh and Grover, 2010), whereas other Clp subtypes are generally localized to the chloroplasts or the mitochondria and contain a ClpP interaction motif (Nishimura and van Wijk, 2015). In these organelles, the ClpP complexes mainly perform a housekeeping function similar to that of the nuclear and cytoplasmic 26S proteasomes, i.e., the degradation of incorrectly neosynthesized proteins (Ali and Baek, 2020).

In SMXLs, the N-terminal domain containing a double Clp-N motif is globally conserved (Figure 2B; Jiang et al., 2013; Stanga et al., 2013; Zhou et al., 2013; Moturu et al., 2018; Walker et al., 2019). This is also true for NBD1 and NBD2 (D1 and D2), that also contain the Walker A and B motifs and are separated by an M domain (Soundappan et al., 2015; Moturu et al., 2018; Walker et al., 2019). The D2 domain, in turn, consists of two nucleoside-triphosphatase (NTPase) subdomains, with one most closely resembling the NBD of Clp ATPases. Characteristics that differentiate SMXL proteins from other Clp ATPases are the presence of an ETHYLENE-RESPONSE FACTOR Amphiphilic Repression (EAR) motif between the two NTPase subdomains in D2, as well as an elongated M domain (Jiang et al., 2013; Zhou et al., 2013; Soundappan et al., 2015).

SMXL proteins retain a domain organization and certain key motifs similar to ClpB proteins and also lack the IGF/L motif (Moturu et al., 2018). As such, SMXLs resemble more closely the ClpB ATPases, which act as chaperones rather than participating in proteolytic complexes, and, therefore, might potentially share the same molecular function. However, Clp ATPases have been shown to control a wide variety of processes, based on their diverging expression patterns and substrates (Frees et al., 2007; Nishimura and van Wijk, 2015). In general, chaperones can regulate transcription by influencing the late maturation steps of transcriptional regulators, effectively regulating their chromatin-binding ability (Morimoto, 2002; Cha et al., 2017; Roncarati and Scarlato, 2017; Gvozdenov et al., 2019). For instance, in rice, ClpB has been proposed to modulate gene expression through interaction with heat stress transcription factors (Singh et al., 2012). Similarly, SMXL proteins might be assumed to influence a transcriptional output through the stabilization of certain transcriptional regulators in an active conformation. Finally, like other Clp ATPases, SMXL proteins could function as hexameric chaperone complexes, as it was shown they can interact with each other (Liang et al., 2016; Khosla et al., 2020). The existence of such complexes has been suggested for SMXLs in rice, but further validation is still required (Ma et al., 2017).

At first sight, SMXLs seem to have diverged from their supposed ancestral role as ClpB chaperones. A possible chaperone activity for SMXLs has not yet been studied in detail, even though it could, for instance, account for the transcriptional regulation of target genes, as described above. As the molecular mechanism by which SMXLs function is still not completely resolved, research on the similarities and differences with Clp proteins might lead to new insights to address this question.



SMXL PROTEINS ARE COMPOSED OF STRUCTURAL AND FUNCTIONAL DOMAINS

As Clp proteins have been shown to be modular, with different structural domains responsible for diverse functional aspects of the proteins as a whole, it is interesting to examine the SMXL domains from the same perspective. Recently, different functional characteristics of AtSMAX1 have been attributed to certain parts of the protein (Figure 2B; Khosla et al., 2020). In short, the D1-M domain appears to be important for binding with D14 or KAI2 receptors, whereas the D2 domain is essential for KAR-induced degradation. In addition, the D2 domain can be divided into two functional subdomains that loosely correspond to the two NTPase domains discussed above: D2a, which mainly determines the nuclear localization of SMAX1, and D2b, which is seemingly involved in the interaction between SMXL proteins and in the stabilization of D2a (Khosla et al., 2020).


The Function of a Conserved ClpN Domain Is Uncertain

Initially, the N domain of SMXLs was thought to enable nuclear localization, because nuclear localization signals (NLSs) are present in AtSMXL7 and OsSMAX1 (Liang et al., 2016; Choi et al., 2020a). Since SMXLs so far appear universally localized to the nucleus, this would fit the conservation of the N domain in these proteins (Zhou et al., 2013; Soundappan et al., 2015; Liang et al., 2016; Wallner et al., 2017; Khosla et al., 2020; Zheng et al., 2020; Mizuno et al., 2021). However, whereas the N domain has been demonstrated to be indeed responsible for the nuclear localization of AtSMXL7, the D2a domain seems to be necessary for the nuclear localization of AtSMAX1 (Liang et al., 2016; Khosla et al., 2020). Additionally, the N domain is broadly conserved among Clp ATPases as a whole, further hinting at additional roles, besides nuclear localization (Moturu et al., 2018).



The D1 and M Domains Interact With the Receptors

In general, the D1, and even more so the M domains are less conserved among the SMXL clades and, in AtSMAX1 and AtSMXL7, they were shown to be critical for the binding with KAI2 and D14, respectively (Walker et al., 2019; Khosla et al., 2020). Possibly, the variation in the clade-specific D1-M region arose either from the required interaction with the respective receptor, or from the putative absence of interaction with either, as can be hypothesized for AtSMXL3/4/5 due to their independence from both SL and KAR signaling (Wallner et al., 2017). The presence of intact AtSMAX1 proteins is needed for the MAX2-dependent degradation of the isolated SMAX1D2 domain, suggesting that SMXL degradation only occurs when SMXLs can directly bind the KAI2 receptor via D1-M (Khosla et al., 2020). Additionally, the KAR-induced MAX2-independent degradation of KAI2 seems to require the presence of both SMAX1 and SMXL2, implying that the interaction between KAI2 and these SMXLs has an additional function in this process (Waters et al., 2015a; Khosla et al., 2020). A similar suggestion has been made after the discovery of a KAI2D184N mutant (kai2-10) in Arabidopsis, which is unable to induce downstream signaling and hypersensitive to the aforementioned MAX2-independent degradation (Yao et al., 2018). As D184 lies next to the D14-MAX2-binding interface in AtD14, kai2-10 might also be defective in its ability to interact with MAX2. Moreover, it cannot be excluded that this mutation affects the presumed interaction between KAI2 and SMAX1 or SMXL2, leading to rapid degradation of KAI2D184N (Yao et al., 2018).



The D2a Domain Regulates SMXL Stability and Interaction With MAX2

The involvement of the D2 domain in the MAX2-dependent degradation of SMXLs can be attributed to the presence of the Walker A motif. D2-Walker A is required in several species for the degradation of SMAX1 (Khosla et al., 2020; Wang et al., 2020b; Zheng et al., 2020; Mizuno et al., 2021) and SMXL6/7/8 (Jiang et al., 2013; Zhou et al., 2013; Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016; Struk et al., 2018; Kerr et al., 2021). Several publications term this motif P-loop or (F)RGKT, according to its structure or its amino-acid sequence, respectively (Zhou et al., 2013; Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016; Struk et al., 2018). Interestingly, for rice D53, affinity pull-down and size exclusion chromatography revealed that the D2 domain can interact with the D14 receptor, but only in a complex with D3 (OsMAX2) and with an intact RGKT motif (Shabek et al., 2018), implying that the D2 domain contains the interaction interface between D53 and D3 and that the RGKT motif is part of this interface.

Interestingly, the importance of the RGKT-dependent interaction between SMXL and MAX2 mainly lies in the stabilization of the ternary complex, whereas the main driving interactions of the signaling complex formation occur between activated D14 and the other signaling components. Indeed, for D53 and D3, a rac-GR24-independent interaction was only demonstrated by in vitro studies (Jiang et al., 2013; Wang et al., 2015). Moreover, no direct rac-GR24 dependent interaction was shown between MAX2 and SMXL7 through FRET-FLIM, as was demonstrated for D14-MAX2 and D14-SMXL7 (Liang et al., 2016).

Additionally, the RGKT motif was proposed to destabilize AtSMAX1 in a MAX2-independent manner, by conferring an inherent instability to the protein or by subjecting it to an additional degradation pathway (Khosla et al., 2020). Other SMXL members are probably also degraded in a MAX2-independent manner, but the biological significance remains tentative and challenging to elucidate. We can speculate that the MAX2-independent control of the level of SMXLs in plant cells might possibly trigger the sensitivity for their further degradation in response to MAX2-dependent signaling.



SMXLs Act as Transcriptional Regulators Through an EAR Motif

Besides the RGKT motif, the D2 domain also contains the EAR motif that is conserved throughout all the SMXL clades (Moturu et al., 2018; Walker et al., 2019). The demonstrated purpose of this EAR motif is to enable interaction with proteins containing a C-terminal to Lissencephaly Homology (CTLH) domain (Szemenyei et al., 2008). In plants, CTLH domains are found in transcriptional corepressors, called TOPLESS (TPL)/TPL-Related (TPR), which associate with multiple transcription factors to regulate developmental processes, such as meristem maintenance, leaf growth and development, regulation of the circadian clock, seed germination, and stress response (reviewed in Plant et al., 2021). In hormone signaling pathways, at least for brassinosteroids, gibberellic acid, auxin, and jasmonate, recruitment of TPL/TPR has been shown to be a mechanism for repression of target genes (Szemenyei et al., 2008; Pauwels et al., 2010; Oh et al., 2014; Ryu et al., 2014; Fukazawa et al., 2015). TPL/TPR corepressors are proposed to inhibit gene expression through association with histone deacetylase proteins, which induce compaction of chromatin and gene silencing (Krogan et al., 2012; Wang et al., 2013; Ryu et al., 2014).

Interaction with TPL/TPR proteins has been confirmed for rice D53 and Arabidopsis SMAX1 and SMXL6/7/8 (Causier et al., 2012; Jiang et al., 2013; Soundappan et al., 2015; Wang et al., 2015; Struk et al., 2018). Additionally, transcriptional activity assays in Arabidopsis protoplasts revealed that SMXL6/7/8 were able to repress gene expression in an EAR-dependent manner (Wang et al., 2015). This observation sparked the first hypotheses on the molecular mechanism by which SMXLs might regulate downstream effects, namely repression of gene expression by interaction with a transcription factor and recruitment of TPL/TPR corepressors to the promoter region of target genes. Later research confirmed the role of SMXLs as transcriptional regulators by indicating that SMXL6 can repress transcription factors that control the expression of BRANCHED 1 (BRC1), TCP DOMAIN PROTEIN 1, and PRODUCTION OF ANTHOCYANIN PIGMENT 1 genes, regulating shoot branching, leaf shape, and anthocyanin production (Wang et al., 2020a). SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) 9 and SPL15 were identified as the transcription factors interacting with SMXL6/7/8 in the regulation of BRC1 expression, mirroring the interaction of D53 with IDEAL PLANT ARCHITECTURE 1 (IPA1), also an SPL transcription factor, in rice (Song et al., 2017; Xie et al., 2020). In turn, because IPA1 induces the expression of TEOSINTE BRANCHED 1 (TB1; OsBRC1), this pathway has been assumed to be conserved between rice and Arabidopsis (Lu et al., 2013). However, whereas interaction with IPA1 is also necessary for D53 to repress its own transcription, presumably through TPL/TPR as a feedback mechanism, AtSMXL6 was shown to bind directly to the promoters of AtSMXL6/7/8 (Song et al., 2017; Wang et al., 2020a). A key difference between members of the monocotyledonous and dicotyledonous D53/SMXL6/7/8 clade is the presence of two predicted, monocotyledonous-specific EAR motifs, of which one interacts with TPL and TPR proteins (Jiang et al., 2013; Zhou et al., 2013; Ma et al., 2017; Moturu et al., 2018). The function of this second monocot-specific EAR motif, or its relation to differences in the SMXL mechanism in monocots and dicots has not been uncovered yet.

Besides a clear role for SMXLs as transcriptional repressors, SMXLs have also been suggested to function through other mechanisms. Indeed, not all the SMXL6/7/8 responses require the presence of an intact EAR motif (Liang et al., 2016). Additionally, SL-dependent inhibition of shoot branching has been suggested to be partly regulated by the localization of PINFORMED (PIN) proteins to the plasma membrane (Shinohara et al., 2013; Liang et al., 2016). As the effect on the PIN localization is not sensitive to treatment with cycloheximide treatment, it had initially been proposed to be a non-transcriptional output (Shinohara et al., 2013). However, more recent results hint at a more indirect regulation of the PIN localization by D14 and KAI2 signaling, thereby not ruling out that the direct output of the pathways is transcriptional (Zhang et al., 2020; Hamon-Josse et al., 2022). As such, whether SMXLs also regulate the signaling output in a nontranscriptional manner is not entirely clear. Interesting perspectives could be provided by unraveling the way in which SMXLs regulate EAR-independent phenotypes, such as shoot angle, petiole, and leaf blade length (Liang et al., 2016) or conversely whether nontranscriptional output requires the EAR motif or not. SMXLs have also been proposed to possibly regulate the PIN localization through their EAR motif-driven interaction with other CTLH-containing proteins that are involved in endocytosis (Kobayashi et al., 2007; Tomaštíková et al., 2012; Waldie et al., 2014). Additionally, we could hypothesize that SMXLs might influence events outside of the nucleus by targeting proteins that shuttle between the nucleus and the cytosol. Further exploration of SMXL protein interaction networks might help to assess this assumption.



The D2b Domain Confers Protein Stability and the Ability to Oligomerize

Finally, the C-terminal part of the D2 domain, termed as D2b, seemed important for the interaction between SMXLs in Arabidopsis, both for SMAX1, SMXL2, and SMXL7 (Khosla et al., 2020). SMXLs have been found to form homo-, heterodimers and possibly even hexamers (Liang et al., 2016; Ma et al., 2017). AtSMAX1 constructs containing D2a without D2b were apparently severely destabilized, even in the absence of exogenous treatment (Khosla et al., 2020). This observation implies that D2b-mediated oligomerization improves SMXL stability (Khosla et al., 2020).



The Functional Implications of Absent Domains or Motifs

Different aspects of SMXLs can be loosely attributed to the different recognized structural domains. In general, most SMXLs possess the same structural domains that differ in degree of conservation between different clades (Walker et al., 2019). However, some exceptions provide unique opportunities to enhance our understanding of the function of these separate domains (Figure 2A). Members of the aSMXL3/9 and aSMXL4 clade, for instance, lost their RGKT-motif (Moturu et al., 2018; Walker et al., 2019). In Arabidopsis, SMXL3/4/5 are indeed not degraded by addition of rac-GR24 and the process they regulate is unaffected in the max2 mutant, demonstrating they are neither targets of SL/KL signaling nor of MAX2-dependent degradation (Wallner et al., 2017). Although the absence of the RGKT-motif seemingly abolishes the interaction between SMXLs and MAX2, the interaction between SMXLs and their respective α/β-hydrolase can presumably still occur when the D1-M domain is present, as demonstrated for SMAX1D1-M (Khosla et al., 2020). Noteworthy, α/β hydrolases belonging to the DLK23 clade, which are closely related to D14 and KAI2, are missing a canonical MAX2 interaction interface, and diverged from D14 at the origin of the seed plants, when also SMAX1 and SMXL4/5 diverged into separate clades (Bythell-Douglas et al., 2017; Végh et al., 2017; Walker et al., 2019). This lead to the hypothesis that the SMXL4 clade evolved as targets for these DLK23 receptors (Machin et al., 2020). In addition to the absence of the RGKT motif, members of the aSMXL3/9 clade also appear to have lost their C-terminal domain. Based on the role of SMAX1D2b, we can speculate that the loss of the D2b domain would render these SMXLs unable to oligomerize (Khosla et al., 2020). The D2b domain would also confer protein stability, but because of the RGKT motif absence, members of the aSMXL3/9 clade are presumably stabilized and protected from MAX2-independent degradation. In correlation with the missing D2b domain, AtSMXL3 is not completely functionally redundant to AtSMXL4 and AtSMXL5, and functions at different, though overlapping, stages in vascular development (Miyashima et al., 2019; Shi et al., 2019; Wallner et al., 2020).

Interestingly, SMXLs from ferns also lack a D2b domain but retain the RGKT motif (Walker et al., 2019). We could speculate that fern SMXLs are somehow stabilized, either through inherent, clade-specific features of the proteins, or by a difference in cellular context. Besides the presence of KAI2-MAX2 signaling components and SL biosynthesis genes, no information is available on the role and mechanism of SMXL proteins in ferns (Bythell-Douglas et al., 2017; Walker et al., 2019).

Finally, members of one of the SMXL clades in moss, dubbed SMXLC, lack the D1 domain (Walker et al., 2019), which might potentially correlate with a loss or change of their ability to interact with an α/β-hydrolase. Although KAI2-like receptors independently acquired SL sensitivity in P. patens, this SL perception and signaling occurs independently of PpMAX2 (Lopez-Obando et al., 2018, 2021). Although SMXLs would need their D1 domain in canonical SL signaling, the independently evolved SL signaling pathway in moss might also differ in this regard. Future research will teach us which specific role the different SMXLs play in KL and SL signaling pathways of these organisms and how the putative role of SMXLs in moss SL signaling differs from that in seed plants.




SMXLS MIGHT BE REGULATED THROUGH THEIR ABILITY TO ENTER BIOMOLECULAR CONDENSATES


SMXLs Participate in Subnuclear Condensates

Lately, the function and formation of cellular membraneless compartments has gained attention (Choi et al., 2020b). These compartments are commonly referred to as biomolecular condensates, because they represent a region of the nucleoplasm or cytosol, in which biomolecules, usually proteins and RNA, are spatially concentrated (Banani et al., 2017). Many types of condensates form through a physical process, called liquid–liquid phase separation (LLPS), in which a solution spontaneously demixes into two phases (Hyman et al., 2014; Choi et al., 2020b). Whether a protein can or will demix into a condensate is highly dependent on its properties and its concentration, as well as on the surrounding conditions, such as temperature and pH (Ruff et al., 2018). One of the general functions of condensate formation is to act as an integration point for environmental signals (Yoo et al., 2019). Additionally, these compartments sequester specific biomolecules, buffer biomolecule concentration, or concentrate components involved in a specific process (Cao et al., 2020; Pavlovic et al., 2020). Some condensates are commonly found in eukaryotic organisms, such as the nucleolus, nuclear speckles, Cajal bodies, and stress granules (Collier et al., 2006; Boisvert et al., 2007; Reddy et al., 2012; Cao et al., 2020). Plants additionally display specific condensates, including nuclear photobodies, AUXIN RESPONSE FACTOR 19/7 condensates in the cytosol of upper root cells, and condensates of FLOWERING LOCUS A in the nucleus (Van Buskirk et al., 2012; Fang et al., 2019; Powers et al., 2019).

Shortly after their discovery, some SMXL proteins were also found to be confined to distinct subnuclear condensates when transiently expressed in tobacco (Nicotiana benthamiana) leaves (Soundappan et al., 2015; Liang et al., 2016). To date, it is unclear whether this observation is an artifact due to protein tagging or overexpression, or also occurs in a physiological context. Either way, this aspect of SMXLs remains seriously understudied. Demonstration of a functional role for this subnuclear localization would open new interesting perspectives on the molecular mechanism by which SMXL proteins operate. Most importantly, it is still unknown whether SMXLs have the intrinsic ability to participate in LLPS, or whether SMXLs need to be localized in condensates to be functional, although their nuclear localization has been shown to be functionally relevant (Liang et al., 2016). Interestingly, AtSMAX1, AtSMXL7, and AtSMXL5 were shown to localize in nuclear condensates, suggesting that this characteristic is conserved across different SMXL clades, at least in angiosperms (Soundappan et al., 2015; Liang et al., 2016; Wallner et al., 2021). Whether this is true for all land plant species remains to be investigated, but the subnuclear localization of SMXLs might be an ancestral property. The remainder of this review will allude to speculative mechanisms by which SMXLs might form nuclear condensates and to some of possible functional implications.



Multivalent SMXL-TPL/TPR Complexes Might Drive Phase Separation

Interaction studies in tobacco leaves showed that AtSMXL7 is able to direct D14 to subnuclear condensates in a rac-GR24-dependent manner, implying this is where downstream SL signaling takes place (Liang et al., 2016). Additionally, the interaction of TPR2 with AtSMAX1 or AtSMXL7 also localizes to subnuclear condensates (Soundappan et al., 2015). Interestingly, a second EAR motif in rice D53 is able to simultaneously bind two TPR2 tetramers, of which each can interact with four EAR motifs (Ke et al., 2015; Ma et al., 2017). Multivalency is currently regarded as one of the main determining factors for biomolecules to phase-separate into condensates (Choi et al., 2020b). As D53 and TPR2 tetramers each have multiple interacting domains, they could potentially form multivalent units together, possibly forming higher-order aggregates (Figure 3A). Although the C-terminal EAR motif cannot bridge two TPR2 tetramers like the monocot-specific EAR motif, SMXLs have been proposed to be capable of interacting with each other as well and to form dimers or even hexamers (Ma et al., 2017; Khosla et al., 2020). Hypothetically, as such, the lack of a second EAR motif would be complemented, still providing the SMXL-TPR2 complex with multivalent interaction interfaces (Figure 3B). We hypothesize that the transcriptional control exerted by SMXL through association with TPL proteins might involve SMXL and TPL acting in a condensate. Such a mechanism is not unprecedented, because the transcription factor TERMINATING FLOWER (TMF) has recently been discovered to require redox-regulated reversible phase separation to repress gene expression as a so-called transcriptional condensate (Huang et al., 2021). If transcriptional repression by SMXL also depends on their ability to group in condensates, this could represent an additional level of SMXL activity control, besides their degradation. Moreover, as SMXL7 exerts EAR-dependent and EAR-independent functions (Liang et al., 2016), it is tempting to hypothesize that these functions correspond, respectively, to SMXL7 acting in a condensate or as “free” SMXL7. Indeed, it was noted that shoot phenotypes sensitive to SMXL7 overexpression depended on an intact EAR motif (Liang et al., 2016). According to our hypothesis, these phenotypes might be induced by SMXL7 entering condensates, which under the conditions tested might require higher SMXL7 levels than those in the wild type, as well as an EAR motif. SMXL levels lower than those in the wild type would not further inhibit their ability to form a condensate nor cause a phenotype. Conversely, phenotypes only associated with reduced SMXL6/7/8 levels could be complemented by SMXL7, regardless of the presence of the EAR motif and these phenotypes were not as strongly affected by SMXL7 overexpression (Liang et al., 2016). As a possible explanation, we might presume that once condensation starts, levels of “free” SMXL7 are buffered by condensation, because all excess SMXL7 would enter the condensate.
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FIGURE 3. Possible higher-order assembly of SMXL proteins and TPL tetramers. Two alternative assemblies are shown, either specific for monocotyledous D53 (A) or for SMXLs in general (B). The EAR motifs (red) and the putative oligomerization interface on SMXL proteins (purple), as well as the CTLH domain of TPL proteins (black) are indicated.


Another property of SMXL proteins that could account for their presence in subnuclear condensates, is the occurrence of intrinsically disordered regions (IDRs). Intrinsically disordered proteins are characterized by their lack of a fixed three-dimensional structure and instead adopt a collection of different, dynamic conformations (Dunker et al., 2013). Noteworthy, protein disorder exists as a continuum and most proteins contain both folded domains and IDRs (Oates et al., 2013; van der Lee et al., 2014). Accordingly, IDR predictions extracted from the D2P2 database (discussed in Oates et al., 2013) reveal that in AtSMXLs and D53 the ordered D1, D2a, and D2b domains are generally separated by three IDRs corresponding to the M domain and a spacer between N and D1, and D2a and D2b, respectively, (Figure 4). Whereas protein disorder is not an absolute requirement for a protein to be part of a condensate, intrinsically disordered proteins are often driving LLPS (Posey et al., 2018; Martin and Holehouse, 2020). In proteins containing both ordered and disordered regions, the IDRs often confer the flexibility to a protein that is needed to engage in multiple dynamic interactions, using interaction interfaces that often reside in the folded domains (Choi et al., 2020b). Interestingly, the EAR motif is seemingly localized in the disordered spacer between D2a and D2b. As the EAR motif and the D2b domain are in close proximity, this flexible spacer might be essential to allow both interaction interfaces of SMXLs to aid in the formation of multivalent complexes with TPL/TPR.
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FIGURE 4. Posttranslational modifications and predicted disordered regions in Arabidopsis SMXLs, ClpB1, and rice D53. Predicted intrinsically disordered regions (IDRs) were acquired from different prediction tools collected by the D2P2 database (Oates et al., 2013). Per amino acid, how many prediction tools agree on the disorder are color indicated. When available, experimentally verified PTMs were obtained from the PTM viewer and displayed on the corresponding locations on the proteins (Willems et al., 2019). The domain structure of AtSMAX1, AtSMXL7 and OsD53 was added represented by horizontal, colored lines: N domain (red), D1 domain (orange), M domain (yellow), D2 domain NTPase 1 (D2a; green), a spacer containing the EAR-motif (light blue), and D2 domain NTPase 2 (D2b; dark blue).




SMXL Condensates Could Act as Signaling Hubs

As biomolecular condensates often exist as a collection of hundreds of different biomolecules, SMXLs, D14, and TPL/TPR might not be the only components of the observed subnuclear condensates (Saitoh et al., 2004; Hubstenberger et al., 2017; Kosmacz et al., 2019). This implies that SMXLs could rely on other, possibly still unknown, interactors to enter condensates and are not necessarily the driving force behind the formation of the condensates. The scaffold and client hypothesis describes that biomolecules that are not essentially multivalent and not driving LLPS, i.e., the client, can be recruited to biomolecular condensates through an interaction with multivalent LLPS-driving scaffold molecules (Banani et al., 2016). Regardless of whether SMXLs direct LLPS through interaction with TPL or other biomolecules, we could speculate that the recruitment to or expulsion from the observed subnuclear condensates could act as an independent mechanism to modulate the SMXL activity in addition to proteasomal degradation. As addition of rac-GR24 does not seem to affect the SMXL7 localization into nuclear condensates (Liang et al., 2016), this added level of control might be employed by other signaling pathways, i.e., SMXLs might function as hubs for additional developmental environmental cues. SMXLs could thus perform a similar function as DELLA proteins, the primary repressors in the gibberellic acid signaling pathway, which had been shown to act as an integration point for almost all plant hormones (reviewed in Davière and Achard, 2016). Moreover, whereas the canonical gibberellic acid signaling pathway mainly regulates DELLA activity through proteasomal degradation, certain posttranslational modifications (PTMs), such as phosphorylation, sumoylation, and glycosylation, can also modulate DELLA functions, for example, in the drought stress response (reviewed in Blanco-Touriñán et al., 2020). For SMXLs, the functional importance of PTMs, other than ubiquitination, has not been investigated in detail, although proteomics experiments have revealed that several SMXLs in Arabidopsis, as well as rice D53, contain phosphorylated and sumoylated sites (Figure 4; Roitinger et al., 2015; Hou et al., 2017; Rytz et al., 2018; Mergner et al., 2020). Interestingly, the phosphorylation sites of SMXLs appear to be mainly localized in regions predicted to be IDRs, indicating that these IDRs, besides or instead of a potential role in LLPS, could also facilitate access to phosphorylation sites (van der Lee et al., 2014).




PERSPECTIVES AND CONCLUDING REMARKS

To start comprehending the understudied role of SMXLs in condensates and to test the proposed hypotheses, it is essential to first study the nature of these SMXL condensates. Most importantly, evidence that naturally expressed SMXLs enter subnuclear speckles in a physiological context is still missing. Importantly, whether SMXL-containing compartments overlap with known nuclear condensates is still unknown but could be investigated by means of colocalization with proteins known to localize to specific types of condensates. Additionally, assays have been developed to demonstrate whether a protein displays LLPS in vitro, which could help to detect whether SMXLs also drive LLPS, possibly in the presence of additional biomolecules or compounds, or under specific conditions. Additionally, interactomics experiments could help functionally to characterize SMXL condensates, hence uncovering possible interactions with proteins identified to localize to condensates and to drive LLPS. Finally, detailed localization studies could discover the specific circumstances in which SMXLs adopt this localization and the necessary protein domains or motifs. An interesting aspect of SMXLs to assess is their PTM landscape, both in relation to their subnuclear localization and their general function. Despite the identification of PTMs for some Arabidopsis SMXLs, very little is known on their impact on the SMXL function. This interesting, but understudied aspect of SMXLs, might very well provide the perspectives necessary to fill some holes in our knowledge of these puzzling proteins.

In conclusion, the rapid accumulation of insights on SMXL proteins opens a lot of interesting avenues to be studied. The characterization of functional domains in AtSMAX1 and AtSMXL7, as well as in SMXL homologs in other plant species that apparently lack one of these domains, could allow us to separately study the functional aspects of SMXLs that correspond to these distinct domains. Additionally, although functional insights on SMXLs in several angiosperm species are uncovered, they are still lacking in non-angiosperms, leaving an unexplored source of knowledge on these perplexing proteins. Research on the similarities and differences between SMXLs across land plants might ultimately help us to understand their array of physiological roles and molecular mechanisms.

Two understudied aspects of SMXLs remain their similarity to Clp ATPases and their localization to subnuclear condensates, which might be more relevant than has been appreciated thus far. As chaperones, SMXLs could regulate responses of the plant cell through the modulation of a wide array of target proteins, including transcriptional regulators. As members of biomolecular condensates, SMXLs could come in contact with multiple other factors, possibly functioning as integration points for more than one signaling pathway. Moreover, switching between the context of the nucleoplasm and a condensate might be an additional mechanism by which the SMXL function is regulated. The overview we provided might provide new avenues for the next steps in SMXL research.
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Strigolactones (SLs) are intriguing phytohormones that not only regulate plant development and architecture but also interact with other organisms in the rhizosphere as root parasitic plants (Striga, Orobanche, and Phelipanche) and arbuscular mycorrhizal fungi. Starting with a pioneering work in 2003 for the isolation and identification of the SL receptor in parasitic weeds, fluorescence labeling of analogs has proven a major strategy to gain knowledge in SL perception and signaling. Here, we present novel chemical tools for understanding the SL perception based on the enzymatic properties of SL receptors. We designed different profluorescent SL Guillaume Clavé (GC) probes and performed structure-activity relationship studies on pea, Arabidopsis thaliana, and Physcomitrium (formerly Physcomitrella) patens. The binding of the GC probes to PsD14/RMS3, AtD14, and OsD14 proteins was tested. We demonstrated that coumarin-based profluorescent probes were highly bioactive and well-adapted to dissect the enzymatic properties of SL receptors in pea and a resorufin profluorescent probe in moss, contrary to the commercially available fluorescein profluorescent probe, Yoshimulactone Green (YLG). These probes offer novel opportunities for the studies of SL in various plants.

Keywords: strigolactone, profluorescent probes, pea, Arabidopsis thaliana, Physcomitrium patens, α/β-hydrolases, plant hormone, structure-activity relationship


INTRODUCTION

Bioactive fluorescent-labeled plant hormones are highly valuable tools in hormone research either to address the mechanism of hormone transport and to obtain quantitative data on the dynamic of hormone levels or in the search for novel agonists or antagonists via the screening of chemical libraries (Lace and Prandi, 2016; Geisler, 2018; Balcerowicz et al., 2021). These probes are generally designed to retain the original hormonal activity and to activate signaling by binding to hormone receptors. For in planta imaging, the fluorophores should possess the best molecular brightness (Grimm and Lavis, 2022) and the detection of their fluorescence should not be affected by tissue autofluorescence (García-Plazaola et al., 2015). Indeed, the high abundance of endogenous fluorescent molecules (e.g., not only chlorophyll but also lignin, carotenes, xanthophylls, flavonoids, anthocyanins, alkaloids, etc.) is a real challenge for in vivo imaging in plants (Donaldson, 2020). For this purpose, the best spectral suitable window is reported to be between 550 and 650 nm for excitation and emission wavelengths of fluorophores. Due to these specific properties demanded in plant research, the available fluorophores are limited in this context (Grimm and Lavis, 2022).

Strigolactones are the last discovered class of phytohormones, controlling shoot branching, and many other aspects of plant development in vascular and non-vascular plants (Gomez-Roldan et al., 2008; Umehara et al., 2008; Proust et al., 2011; Lopez-Obando et al., 2015). They were first discovered as key signals in the rhizosphere as signaling the presence of a host root for parasitic plants and for arbuscular mycorrhizal fungi (AMF; Cook et al., 1966; Akiyama et al., 2005; Xie et al., 2010).

Strigolactones are a large family of specialized metabolite and to date, more than 30 natural SLs have been identified in root exudates of various plants (Yoneyama, 2020). SLs are derived from all-trans-β-carotene and are characterized by two specific chemical groups: an invariant butenolide D-ring bearing a 4′-methyl group and a structurally variable cargo group, linked by an enol ether bridge (Figure 1A). This connection has a 2'R configuration that is highly conserved in natural SLs (de Saint Germain et al., 2013; Yoneyama, 2020). SLs are classified into two distinct types: canonical SLs which have the cargo group containing an ABC tricycle and non-canonical SLs with the absence of the ABC tricycle (Figure 1A; Yoneyama et al., 2018). Based on the structure–activity relationship studies, it has been demonstrated that the D-ring is absolutely required for the SL bioactivity and can be qualified as an active group, whereas the cargo group can be drastically modified or even replaced by another hydrophobic group (i.e., in Debranone or Nijmegen; Takahashi and Asami, 2018).


[image: Figure 1]
FIGURE 1. (A) Chemical structures of natural strigolactones. (B) Principle of SL profluorescent probes. D14 = SL receptor.


In seed plants, SL perception as phytohormone involves a receptor called, DWARF14 (D14), [OsD14 in rice, AtD14 in Arabidopsis, RAMOSUS3 (RMS3) in pea, DECREASED APICAL DOMINANCE2 (DAD2) in petunia] which belongs to the α/β hydrolase family with a conserved catalytic triad (Ser, His, Asp; Arite et al., 2009; Hamiaux et al., 2012; Waters et al., 2012; de Saint Germain et al., 2016; Yao et al., 2016). In Physcomitrium patens and in obligate root parasitic plants, SLs are perceived by their ancestral paralogs, HYPOSENSITIVE TO LIGHT/KARRIKIN INSENSITIVE2 (HTL/KAI2) (Conn et al., 2015; Toh et al., 2015; de Saint Germain et al., 2021b; Lopez-Obando et al., 2021; Mizuno et al., 2021), referred hereinafter as KAI2s.

Interestingly, the D14 and KAI2 proteins can interact and cleave SLs, releasing the cargo group, which can therefore be called leaving group. To decipher the SL perception mechanism, bioactive fluorescent SL mimics were designed by different groups to investigate and characterize the mechanism of SL perception in multiple organisms (non-vascular and seed plants, including root parasitic plants and fungi). SL fluorescent probes have been developed since 2003 as tracers to investigate the spatiotemporal distribution of SLs in plants and fungi (Reizelman et al., 2003; Prandi et al., 2014; Lace and Prandi, 2016; Van Overtveldt et al., 2019). However, these fluorescence-based approaches allow no distinction between intact and hydrolyzed SL analogs, which may be an important drawback for data analyses.

Thanks to the structure–activity relationship (SAR) studies, fluorescent-labeled SLs have been designed by replacing the editable SL cargo group with a fluorophore, which becomes fluorescent only after perception and cleavage of the D-ring (Figure 1B). These so-called profluorescent probes allow the dynamic/temporal monitoring of the enzymatic activity of SL receptors in vitro (Tsuchiya et al., 2015; de Saint Germain et al., 2016; Wang et al., 2021) and in planta (Tsuchiya et al., 2015, 2018; Wang et al., 2021).

The profluorescent probes include the Guillaume Clavé (GC) series, made of molecules bearing the 6,8-difluoro-7-hydroxy-4-methyl-2H-chromen-2-one (DiFMU) profluorescent moiety, either connected to a non-methylated [(±)-GC486] group, a mono-methylated [(±)-GC240] group, or a dimethylated [(±)-GC242] D-ring (de Saint Germain et al., 2016; Figures 1B, 2). In vitro enzymatic assays carried out with these probes revealed two-phase cleavage kinetics. The presence of a second phase with a plateau or a curve with a low slope suggests the formation of a relatively stable covalent adduct to the protein.
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FIGURE 2. Chemical probes discussed in this study. LogP and pKa are calculated by the ACD program.


In the hypothetical model, the cleavage activity of SL receptors could be a way to stabilize the interaction between D14 and SL by a covalent link. From this model, an unusual hormonal perception mechanism has been proposed in which SLs are cleaved by the D14 receptor and form a covalent adduct linked to the histidine residue of the catalytic triad. Upon SL cleavage and perception, the D14 interacts with signaling partners to transduce the hormonal signal (de Saint Germain et al., 2016; Yao et al., 2016; Shabek et al., 2018). More recently, another SL perception mechanism independent of the enzymatic activity has been proposed (Seto et al., 2019). It highlights the necessity to develop innovative tools to better characterize the kinetics of SL perception (Bürger and Chory, 2020).

The GC series of profluorescent probes has also been recently used to characterize enzymatic properties of other putative SL receptors, such as PrKAI2d3 from Phelipanche ramosa root parasitic plant (de Saint Germain et al., 2021b) and PpKAI2L proteins from Physcomitrium patens (Lopez-Obando et al., 2021). Desmethyl profluorescent probes are particularly relevant for investigating the KAI2 pathway as the preference of this ancient pathway for desmethyl butenolides was recently demonstrated, and the role of (−)-desmethyl GR24 as an agonist of KAI2 protein was highlighted (Yao et al., 2021).

Yoshimulactone Green (YLG) is another profluorescent probe based on a fluorescein moiety linked to the D-ring by an ether bond (Figure 2; Tsuchiya et al., 2015). It has been developed for the characterization of SL receptors from Striga root parasitic plants, especially ShHTL7. The mechanism of SL perception by ShHTL7 was demonstrated to be similar to that of the D14 protein (Yao et al., 2017). The development of a variant of YLG (YLGW) allowed for the visualization of SL receptor activity in germinating Striga hermonthica seeds (Tsuchiya et al., 2018). The YLG is commercially available and has been used thereafter to identify SL receptor antagonists as tolfenamic acid (Hamiaux et al., 2018), KK094, and DL1b (Nakamura et al., 2019; Yoshimura et al., 2020) toward DAD2 and AtD14 proteins, respectively, highlighting the usefulness of this probe. Very recently, a novel resorufin-based SL profluorescent probe, Xilatone Red (XLR) based on a resorufin moiety has been developed (Wang et al., 2021).

Due to the structural diversities of SL receptors from different organisms, as well as the different functions of SL as a plant hormone and/or as a rhizospheric signal, the search for novel profluorescent probes is still necessary. For example, ShD14 is not able to cleave YLG whereas it could cleave (±)-GR24 (Xu et al., 2018). Here, we designed and characterized other different profluorescent SL mimic series with three different fluorophores (coumarin, scopoletin, and resorufin). These mimics have various physicochemical (LogP, pKa) and optical properties and bear a different number of methyl groups on the D-ring, aimed at meeting specific requirements for SL research. Their bioactivity for the control of shoot branching in pea, Arabidopsis, and for controlling moss development was evaluated. Their biochemical characterization was also performed with all four characterized SL receptors from flowering plants: AtD14, OsD14, DAD2, and RMS3.



MATERIALS AND METHODS


Chemistry, General Experimental Procedure

All non-aqueous reactions were run under an inert atmosphere (argon), by using standard techniques for manipulating air-sensitive compounds. All glassware were stored in the oven and/or were flame-dried prior to use. Anhydrous solvents were obtained by filtration through drying columns. Analytical thin-layer chromatography (TLC) was performed on plates precoated with silica gel layers. Compounds were visualized by one or more of the following methods: (1) illumination with a short wavelength UV lamp (i.e., λ = 254 nm) and (2) spraying with a 3.5% (w/v) phosphomolybdic acid solution in absolute ethanol. Flash column chromatography was performed using 40–63 mesh silica. Nuclear magnetic resonance spectra (1H; 13C NMR) were recorded at [300; 75] MHz on a Bruker DPX 300 spectrometer. For the 1H spectra, data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, bs = broad singlet, coupling constant in Hz and integration). Infrared (IR) spectra are reported in reciprocal centimeters (cm−1). Buffers and aqueous mobile-phases for high-performance liquid chromatography (HPLC) were prepared using water purified with a Milli-Q system (purified to 18.2 MΩcm). Analytical ultra-performance liquid chromatography (UPLC) was performed on an Acquity Waters UPLC system equipped with a PDA and a mass spectrometer detector. Semi-preparative HPLC was performed on a Waters system equipped with 600 E pump system, a Waters 2,767 sample manager, injector and collector, and a waters PDA 2,996 UV-vis detector. Mass spectra (MS) and high-resolution mass spectra (HRMS) were determined by electrospray ionization (ESI) coupled to a time-of-flight analyzer (Waters LCT Premier XE). 7-Hydroxycoumarin (Coumarin) was synthesized according to the procedure of Timonen et al. (2011) in one step. 7-Acetoxycoumarin (CoumarinAc) was prepared according to the method of Confalone and Confalone (1980), and DiFMUAc was performed according to the method of Bürger et al. (2012). (±)-GC240, (±)-GC242, and (±)-GC486 were prepared according to the method of de Saint Germain et al. (2016); 5-bromo-4-methylfuran-2(5H)-one and 5-chloro-3,4-dimethylfuran-2(5H)-one were synthetized according to the procedure of Wolff and Hoffmann (1988) and Canévet and Graff (1978). (±)-GR24, (±)-ABC=CHOH tricycle [3-(hydroxymethylene)-3,3a,4,8b-tetrahydro-2H-indeno[1,2-b]furan-2-one] were prepared according to the method of Mangnus et al. (1992). (+)-GR24 was obtained as described by Lopez-Obando et al. (2021). DiFMU and (±)-YLG were purchased from Carbosynth™ and TCI™, respectively. All structures of GC probes were confirmed by NMR, IR, and HRMS analyses.


7-[(4-Methyl-5-Oxo-2,5-Dihydrofuran-2-yl)Oxy]-4-Methyl-2H-1-Benzopyran-2-One [(±)-GC116]

To a solution of 5-bromo-3-methylfuran-2(5H)-one (448 mg, 3.10 mmol), 7-hydroxycoumarin (400 mg, 2.46 mmol), and N, N-diisopropylethylamine (DIEA; 1.05 mL, 6.00 mmol) were sequentially added to MeCN (10.0 ml). The resulting mixture was stirred at room temperature and after 10 min, a white solid precipitated. The reaction was allowed to proceed for 14 h, and then checked for completion by TLC (heptane/EtOAc 3:2 v/v). A large part of the product was recovered by filtration and the remaining part was purified on a silica gel column (heptane/EtOAc 3:2 v/v) giving (±)-GC116 as a white solid (446 mg, 1.73 mmol, 70%). Mp 216◦C. 1H-NMR (300 MHz, CDCl3) δ: 2.04 (s, 3H), 6.33–6.36 (m, 2H), 7.02–7.09 (m, 3H), 7.44–7.46 (d, J = 8.6 Hz, 1H), 7.65–7.67 (d, J = 9.8 Hz, 1H). 13C-NMR (125 MHz, CDCl3) δ: 10.5, 98.1, 104.7, 113.5, 114.6, 114.7, 129.2, 134.8, 141.8, 143.0, 155.3, 159.0, 160.6, 170.8. IR νmax (film): 680, 746, 794, 841, 879, 956, 1,018, 1,092, 1,138, 1,165, 1,208, 1,283, 1,363, 1,508, 1,562, 1,622, 1,664, 1,730, 1,778, 3,078 cm−1. HRMS (ESI): m/z calc. for C14H11O5 [M + H]+: 259.0606, found: 259.0605.



7-[(3,4-Dimethyl-5-Oxo-2,5-Dihydrofuran-2-yl)Oxy]-4-Methyl-2H-1-Benzopyran-2-One [(±)-GC155]

To a solution of 5-chloro-3,4-dimethylfuran-2(5H)-one (352 mg, 2.00 mmol; Canévet and Graff, 1978), 7-hydroxycoumarin (300 mg, 1.85 mmol), and DIEA (697 μL, 4.00 mmol) were sequentially added to MeCN (10 ml). The resulting mixture was stirred at room temperature for 14 h and then checked for completion by TLC (heptane/EtOAc 1:1 v/v). The crude was evaporated to dryness and then purified on a silica gel column (heptane/EtOAc 6:4 v/v) giving (±)-GC155 as a white solid (423 mg, 1.55 mmol, 84%). Mp 176◦C. 1H-NMR (300 MHz, CDCl3) δ: 1.85 (t, J = 1.2 Hz, 3H), 2.04 (t, J = 0.9 Hz, 3H), 6.08 (s, 1H), 6.24–6.27 (d, J = 9.5 Hz, 1H), 6.98–7.01 (m, 2H), 7.37–7.39 (d, J = 8.1 Hz, 1H), 7.58–7.61 (d, J = 9.6 Hz, 1H). 13C-NMR (75 MHz, CDCl3) δ: 8.7, 11.7, 99.9, 104.6, 113.5, 114.8, 114.9, 127.5, 129.3, 143.1, 153.3, 155.5, 159.5, 160.7, 171.4. IR νmax (film): 674, 661, 750, 834, 886, 975, 1,052, 1,088, 1,131, 1,162, 1,195, 1,236, 1,285, 1,318, 1,361, 1,387, 1,505, 1,565, 1,615, 1,624, 1,689, 1,745, 1,781, 3,081 cm−1. HRMS (ESI): m/z calc. for C15H13O5 [M + H]+: 273.0718, found: 273.0753.



7-[(4-Methyl-5-Oxo-2,5-Dihydrofuran-2-yl)Oxy]-6-Methoxy-4-Methyl-2H-1-Benzopyran-2-One [(±)-GC379]

To a solution of 5-bromo-3-methylfuran-2(5H)-one (53.0 mg, 300 μmol), scopoletin (30.0 mg, 156 μmol) and DIEA (156 μmol, 900 μmol) were sequentially added to MeCN (4 mL) The resulting mixture was stirred at room temperature for 14 h, and then checked for completion by TLC (heptane/EtOAc 1:1 v/v). The crude was evaporated to dryness and then purified on a silica gel column (heptane/EtOAc 1:1 v/v) giving (±)-GC379 as a white solid (43.0 mg, 149 μmol, 96%). Mp 164◦C. 1H-NMR (300 MHz, CDCl3) δ: 2.01 (s, 3H), 3.90 (s, 3H), 6.33-6.36 (m, 2H), 6.92 (s, 1H), 7.06–7.07 (t, J = 1.6 Hz, 1H), 7.21 (s, 1H), 7.61–7.63 (d, J = 9.5 Hz, 1H). 13C-NMR (125 MHz, CDCl3) δ: 10.8, 56.5, 98.8, 106.1, 109.2, 114.4, 115.4, 135.2, 141.9, 142.9, 147.0, 148.6, 149.1, 160.9, 170.9. IR νmax (film): 820, 869, 928, 954, 1,014, 1,072, 1,099, 1,147, 1,173, 1,196, 1,214, 1,250, 1,278, 1,376, 1,390, 1,423, 1,459, 1,512, 1,568, 1,616, 1,721, 1,776 cm−1. HRMS (ESI): m/z calc. for C15H13O6 [M + H]+: 289.0712, found: 289.0714.



7-[(3,4-Dimethyl-5-Oxo-2,5-Dihydrofuran-2-yl)Oxy]-6-Methoxy-4-Methyl-2H-1-Benzopyran-2-One [(±)-GC380]

To a solution of 5-chloro-3,4-dimethylfuran-2(5H)-one (43.0 mg, 300 μmol), scopoletin (30.0 mg, 156 μmol) and DIEA (156 μmol, 900 μmol) were sequentially to MeCN (4 mL) added. The resulting mixture was stirred at room temperature for 14 h, and then checked for completion by TLC (heptane/EtOAc 1:1 v/v). The crude was evaporated to dryness and then purified on a silica gel column (heptane/EtOAc 1:1 v/v) giving (±)-GC380 as a white solid (32.0 mg, 106 μmol, 68%). Mp 172◦C. 1H-NMR (300 MHz, CDCl3) δ: 1.88–1.89 (t, J = 1.5 Hz, 3H), 2.12–0.13 (t, J = 0.9 Hz, 3H), 3.89 (s, 3H), 6.12 (s, 1H), 6.31–6.34 (d, J = 9.5 Hz, 2H), 6.92 (s, 1H), 7.20 (s, 1H), 7.61–7.64 (d, J = 9.6 Hz, 1H). 13C-NMR (75 MHz, CDCl3) δ: 8.7, 11.8, 56.5, 100.8, 106.4, 109.3, 114.4, 115.4, 127.5, 143.0, 147.2, 149.0, 149.1, 153.4, 160.9, 171.5. IR νmax (film): 750, 817, 850, 860, 922, 972, 1,016, 1,053, 1,096, 1,143, 1,172, 1,194, 1,246, 1,276, 1,369, 1,387, 1,423, 1,513, 1,568, 1,615, 1,720, 1,776, 2,851, 2,924, 3,065 cm−1. HRMS (ESI): m/z calc. for C16H15O6 [M + H]+: 303.0869, found: 303.0872.



7-[(4-Methyl-5-Oxo-2,5-Dihydrofuran-2-yl)Oxy]-3H-Phenoxazin-3-One [(±)-GC93]

To a solution of 5-bromo-3-methylfuran-2(5H)-one (51.0 mg, 290 μmol), resorufin sodium salt (65.0 mg, 277 μmol) and DIEA (1.05 ml, 6.00 mmol) were sequentially added to DMF (4 ml). The resulting mixture was stirred at room temperature for 14 h and then checked for completion by TLC (CH2Cl2/EtOAc 8:2 v/v). The crude was diluted with EtOAc, successively washed with 10% aqueous citric acid, brine, dried over Na2SO4, and evaporated to dryness. The resulting residue was purified by chromatography on a silica gel column with a step gradient of EtOAc (0-10% v/v) in CH2Cl2 as the mobile phase, giving (±)-GC93 as yellow solid (53.0 mg, 172 μmol, 62%). Mp decomposition at 244◦C. 1H-NMR (300 MHz, CDCl3) δ: 2.06–2.07 (t, J = 1.6 Hz, 3H), 6.33–6.34 (d, J = 2.1 Hz, 1H), 6.38–6.39 (t, J = 1.6 Hz, 1H), 7.44–7.46 (dd, J1 = 9.9 Hz, J2 = 2.0 Hz, 1H), 7.04–7.05 (t, J = 1.7 Hz, 1H), 7.10–7.14 (m, 2H), 7.41–7.44 (d, J = 9.9 Hz, 1H), 7.75–7.78 (d, J = 8.3 Hz, 1H). RMN 13C (75 MHz, CDCl3) δ: 10.9, 98.1, 103.8, 107.3, 114.7, 129.9, 131.9, 134.9, 135.2, 141.6, 145.3, 145.4, 147.3, 149.6, 159.6, 170.3, 186.5. IR νmax (film): 711, 742, 758, 782, 799, 817, 831, 862, 907, 950, 976, 994, 1,016, 1,036, 1,078, 1,096, 1,159, 1,210, 1,251, 1,319, 1,336, 1,366, 1,448, 1,480, 1,505, 1,561, 1,590, 1,642, 1,775, 2,926, 3,043, 3,094 cm−1. HRMS (ESI): m/z calc. for C17H12NO5 [M + H]+: 310.0715, found: 310.0766.



7-[(3,4-Dimethyl-5-Oxo-2,5-Dihydrofuran-2-yl)Oxy]-3H-Phenoxazin-3-One [(±)-GC247]

To a solution of 5-chloro-3,4-dimethylfuran-2(5H)-one (35.0 mg, 240 μmol), resorufin sodium salt (28.2 mg, 120 μmol) and DIEA [84.0 μL, 480 μmol were sequentially added to DMF (2 ml)]. The resulting mixture was stirred at 64◦C for 14 h. and then checked for completion by TLC (CH2Cl2/EtOAc 8:2). The crude mixture was diluted with EtOAc, successively washed with 10% aqueous citric acid, brine, dried over Na2SO4, and evaporated to dryness. The resulting residue was purified by chromatography on a silica gel column with a step gradient of EtOAc (0–20% v/v) in CH2Cl2 as the mobile phase, giving (±)-GC247 as yellow solid (25.0 mg, 77.0 μmol, 64%). Mp decomposition at 246◦C. 1H-NMR (300 MHz, CDCl3) δ: 1.92–1.93 (t, J = 1.5 Hz, 3H), 2.11–2.12 (t, J = 1.6 Hz, 3H), 6.18 (bs, 1H), 6.32–6.33 (d, J = 2 Hz, 1H), 6.82–6.86 (dd, J1 = 9.8 Hz, J2 = 2.1 Hz, 1H), 7.04–7.05 (t, J = 1.7 Hz, 1H), 7.10–7.15 (m, 1H), 7.40–7.44 (d, J = 9.9 Hz, 1H), 7.74–7.77 (dd, J1 = 9.8 Hz, J2 = 0.6 Hz, 1H). 13C-NMR (75 MHz, CDCl3) δ: 8.7, 11.8, 99.7, 103.7, 107.2, 114.7, 127.6, 129.8, 131.8, 134.8, 134.9, 145.3, 147.1, 149.6, 153.1, 159.9, 171.3, 186.4. IR νmax (film): 711, 742, 758, 782, 799, 817, 831, 862, 907, 950, 976, 994, 1,016, 1,036, 1,078, 1,096, 1,159, 1,210, 1,251, 1,319, 1,336, 1,366, 1,448, 1,480, 1,505, 1,561, 1,590, 1,642, 1,775, 2,926, 3,043, 3,094 cm−1. HRMS (ESI): m/z calc. for C18H14NO5 [M + H]+: 324.0872, found: 324.0857.



Stability of CoumarinAc and DiFMUAc in Dimethyl Sulfoxide

Dimethyl sulfoxide (DMSO) solution of the compound to be tested (1 mM) was incubated at 20◦C in the HPLC vials. (±)-1-Indanol [Alfa Aesar, purity >97.5% (GC); 10 mM] was used as the internal standard. The samples were subjected to reverse-phase-ultra-performance liquid chromatography (RP-UPLC)-MS analyses by means of UPLC system equipped with a photo diode array (PDA) and a triple quadrupole detector (TQD) mass spectrometer (Acquity UPLC-TQD, Waters). RP-UPLC (HSS C18 column, 1.8 μm, 2.1 × 50 mm) with 0.1% (v/v) of formic acid in CH3CN and 0.1% (v/v) of formic acid in water (aq. FA, 0.1%, v/v, pH 2.8) were used as eluents [10% CH3CN, followed by linear gradient from 10 to 100% of CH3CN (4 min)] at a flow rate of 0.6 ml min−1. The detection was done by PDA and with the TQD mass spectrometer operated in electrospray ionization-positive mode at 3.2 kV capillary voltage. To maximize the signal, the cone voltage and collision energy were optimized to 20 V and 12 eV, respectively. The collision gas used was argon at a pressure maintained near 4.5 10−3 mBar. The relative quantity of the remaining (non-degraded) product was determined by integration comparison with the internal standard.




Expression and Purification of Proteins

Expression and purification of RMS3, AtD14, DAD2, and OsD14 proteins with cleavable GST tag were performed in accordance with the study by de Saint Germain et al. (2016) and de Saint Germain et al. (2021b). For DAD2 protein expression, the full-length coding sequences from Petunia hybrida were amplified by PCR using cDNA as template and specific primers (DAD2_attb1_HRV3C (5′-ggggacaagtttgtacaaaaaagcaggctccctg gaagtgctgtttcagggcccgATGG GACAGACCCTTTTAGA-3′) and DAD2_attb2 (5′-ggggaccactttgtacaagaaagct gggtctcaTCACCTATGTGA AAGAGCTCTTC-3′) containing a protease cleavage site for tag removal, and subsequently cloned into the pGEXT-4T-3 expression vector. Similarly, for OsD14 protein expression, the coding sequences from Ozyza sativa were deleted from 153 nucleotides (51 amino acid) amplified by PCR using cDNA as template and specific primers (OsD14Δ51_attb1_HRV3C (5′-ggggacaagtttgtacaaaaaagcag gctccctggaagtgctgtttcagggcccg ATGCCGAGCGGGGCGAAGCTGCTGC-3′) and OsD14Δ51_attb2 (5′-ggggaccact ttgtacaagaaagctgggtctcaTTA GTACCGGGCGAGAGCGCGGCGGAG-3′).



Method for LogP and pKa Calculation

Relative hydrophobicity (logP) and pKa values of SL probes and fluorophores were calculated using the ACD program (Advanced Chemistry Development, Inc.: https://ilab.acdlabs.com/ilab2/).



Pea Shoot Branching Assay

Pea (Pisum sativum) branching mutant plants used in this study were described previously (Rameau et al., 1997). The SL biosynthesis rms1-10 (M3T-884) and SL response rms3-4 (M2T-30) mutants were obtained from the dwarf cv. Térèse. Plants were grown in a greenhouse under long days as described by Braun et al. (2012).


Pea Shoot-Branching Assay by Direct Application on the Bud

The compounds to be tested were applied directly to the axillary bud with a micropipette as 10 μL of a solution containing 0.1% of acetone with 2% of polyethylene glycol 1,450, 50% of ethanol, and 0.4% of DMSO. The control 0 is the treatment with 0.1% of DMSO without compound. A total of 24 plants were sown per treatment in trays (2 repetitions of 12 plants). The treatment was done 8 days after sowing, on the axillary bud at node 3. The branches at nodes 1–2 were removed to encourage the outgrowth of axillary buds at nodes above. Nodes were numbered acropetally from the first scale leaf as node 1 and cotyledonary node as node 0. Bud growth at node 3 was measured 10 days after treatment. Plants with damaged main shoot apex or showing a dead white treated bud were discarded from the analysis. The SL-deficient rms1-10 pea mutant was used for all experiments and WT Térèse as control. SL-perceived rms3-4 pea mutant was used to test that when bioactive, the analog acts via RMS3, and it was also used to check the putative toxicity of probes.



Pea Shoot-Branching Assay by Vascular Supply

The compounds to be tested were applied by vascular supply (Muñoz et al., 2021). The control was the treatment with 0.1% of DMSO in water. A total of 12 plants were sown per treatment in trays and were treated with probes under node 3 bud generally 10 days after sowing. Compounds in DMSO solution were diluted with water to 3,000 nM for a treatment with 0.1% (v/v) DMSO. The branches at nodes 1 and 2 were removed to encourage the outgrowth of axillary buds at the nodes above. Nodes were numbered acropetally from the first scale leaf as node 1 and cotyledonary node as node 0. Bud growth at nodes 3 and 4 was measured with digital calipers 8–10 days after treatment. Plants with damaged main shoot apex or with a dead white treated-bud were discarded from the analysis. The SL-deficient rms1-10 pea mutant was used for all experiments.




Hydroponic Assay on Arabidopsis

The hydroponic assay was adapted from the study by Cornet et al. (2021). Seeds were surface-sterilized for 8 min in a solution of ethanol (95%) and hypochlorite solution (10%; Bayrol, Mundolsheim, France) and were rinsed two times with ethanol (100%). Each seed was sown on top of a cut 0.5 ml Eppendorf tube filled with agar medium containing 0.65% of agar and 10% of nutritive solution of 5 mM NO3. Tubes were soaked in water and stored in the dark at 4◦C for 2 days. Twelve plants per pipette tip box (13 × 9 × 7 cm) were grown and supplied with nutrient solution as in the study by Boyer et al. (2014) at a concentration of 5 ml/L (750 ml of solution per box). Every week, the nutrient solution was renewed and every 10 days one time, a fresh batch of treatment was added to the solution. The first treatment occurred at day 27 after sowing when plants started to bolt. The number of rosette branches was counted at day 42.



Physcomitrium patens Bioassay

Assays on Physcomitrium patens were performed on plants grown in 24-well plates, starting from very small pieces of moss tissues as described by Guillory and Bonhomme (2021). As for pea rms1, the Ppccd8 SL synthesis mutant was used for assays, since the effect of the compounds was better seen in this mutant vs. wild type (WT; Lopez-Obando et al., 2021). For each treatment, 24 plants were grown in PpNO3 medium [minimal medium described by Ashton et al., 1979], dispatched in three different plates. Plants were grown for 2 weeks under control conditions, then treated with fluorophores or probes (all compounds used at 1 μM), before being placed vertically in the dark for 10 days. A single picture of each well was taken under an Axio Zoom microscope (Zeiss) with a dedicated program. Filaments were counted using ImageJ software (http://imagej.nih.gov/ij/) as described by Guillory and Bonhomme (2021). Twenty-four plants were tested in each treatment.



Enzymatic Assays With Profluorescent Probes

The enzyme activity was determined by measuring the release of the fluorescent intensities of each fluorophores resulting from the cleavage of profluorescent probes by RMS3, AtD14, OsD14, and DAD2 proteins in a SPARK M10 in a 96-well format (de Saint Germain et al., 2021a). In the assay, using an Integra Viaflo 96 robot, 50 μL of a solution of protein at 0.33 μM in same buffer was added simultaneously in all 96 wells to 50 μL of profluorescent substrate solution (at varying concentrations, prepared from a 10 mM stock solution in 100% of DMSO) in PBS (100 mM of phosphate, pH 6.8, 150 mM of NaCl). After a lag time of 15 s, the formation of fluorophores was recorded over 3 h at 15 s intervals at 25◦C. Each fluorophore was analyzed with the following excitation (ex) and emission (em) wavelengths: DiFMU λex 360 nm/λem 450 nm, coumarin λex 360 nm/λem 450 nm, resorufin λem 540/λex 590 nm, and fluorescein λem 475 nm/λex 520 nm. All experiments were repeated with three technical replicates. The fluorescence of each fluorophore was also determined for each measurement at the same time frame but in the absence of enzyme in order to determine the standard curves. For rapid enzymatic assays (Figure 8A, small panel), the solution of protein was added by the injector of the plate reader and then, the well was immediately read over 5 min with 1 s intervals. Same parameters were used to determine the fluorophore concentration.



Statistical Analysis

Since deviations from normality were observed for axillary bud length after SL treatment in pea bioassay, the Kruskal–Wallis test was used to assess the significance of one treatment with one compound in comparison to treatment with another using R Commander version 1.7–3 (Fox, 2005). For the bioassay in moss, ANOVA and Tukey's test as post-hoc test was used.




RESULTS


Design and Synthesis of SL Profluorescent Probes
 
SL Profluorescent Probes With Various Optical/Spectra Properties

We previously developed bioactive fluorogenic SL mimics, the racemic GC series, with commercially available coumarin moiety: 6,8-difluoro-7-hydroxy-4-methyl-2H-chromen-2-one (DiFMU) (±)-GC486, (±)-GC240, and (±)-GC242, respectively, with no, one, or two methyl groups on the bioactive group (de Saint Germain et al., 2016; Figure 2). For biochemical applications, the ideal fluorophore should exhibit a high molecular brightness (ε × Φf, with ε as the extinction coefficient and Φf as the quantum yield), which considers the efficiencies of fluorescence and light absorption. The ideal fluorophore should possess a large difference between λex and λem (called Stokes shift), no toxicity, a good aqueous solubility, good cell permeability, high stability, and a resistance to photobleaching. Among the fluorophores compatible with the definition of SL mimics, the DiFMU showed all these requirements, especially the better spectral properties: Stokes shift 97 nm and ε × Φf 17,800 M−1cm−1 (Figure 3, Supplementary Figure 1). Moreover, DiFMU was compatible with differential scanning fluorimetry (DSF) and intrinsic fluorescence assays since its emission spectrum does not overlap with those of protein dyed with SYPROTM orange and the intrinsic protein fluorescence (Figure 3).


[image: Figure 3]
FIGURE 3. Optical properties of fluorophores. Normalized fluorescence emission spectra of the fluorophores and some chemical compounds (A) (mentioned in this study). Chemical and spectral data for each molecule as λabs (nm) λex (nm) λem (nm) ε (M−1cm−1) Φf Φf X ε (“molecular brightness”) (M−1cm−1) LogP (B) 1pH 10 (Sun et al., 1998). 2pH 7.4 (Setsukinai et al., 2000). 3pH 6.8 (Pham et al., 2019). 4In EtOH (Abu-Eittah and El-Tawil, 1985). 5pH 9.5 (Tan et al., 2021). 6(Bueno et al., 2002). 7In 0.1 N NaOH, https://www.aatbio.com. 8LogP are calculated by the ACD program. n.a. not available.


To expand the repertory of SL profluorescent probes, new mimics have been designed with other fluorophores, such as coumarin [(±)-GC116, (±)-GC155] and scopoletin [(±)-GC379, (±)-GC380], bearing a methoxy group at the C-6 position and connected to D-ring butenolide with one or two methyl groups (Figure 2). These molecules could be valuable tools to study the effect of substitutions on the coumarin moiety, especially to evaluate the influence of the molecule reactivity (pKa of the leaving group) and hydrophobicity (logP) on both biological and biochemical activity toward the various SL receptors, in order to perform SAR studies (Figure 2). A resorufin moiety was also targeted [(±)-GC93 = XLR (Wang et al., 2021), (±)-GC247 (Figure 2)], which has optical properties compatible for in planta imaging, contrary to coumarins. The excitation and emission maxima of resorufin (568 and 581 nm) and fluorescein (475 and 520 nm) made it suitable for use in plant tissue imaging compared to the other fluorophores (coumarin and DiFMU, 350–360 and 450–460 nm; Figure 3, Supplementary Figure 1). Likewise, resorufin allows for competitive enzymatic assay with UV fluorescent molecules like karrikins, for which intrinsic fluorescence assays are not possible.



SL Profluorescent Probes With Substitute D-Ring

To characterize the enzymatic properties of α/β hydrolase proteins like SL receptors, para-nitrophenyl acetate (p-NPA) is commonly used. Quantification of p-NPA hydrolysis is based on the measurement of absorbance, which has the disadvantage of requiring a large amount of protein in comparison to fluorescence-based detection. To overcome this drawback, we designed two fluorescent acetate probes (DiFMUAc and CoumarinAc) by acetylation of their phenolic moieties (Figure 2). These compounds could allow for the comparison of the enzymatic profile between probes and per se reveal the biological role of the D-ring.



Synthesis of SL Profluorescent Probes

GC probes have been prepared by the reaction of coumarins and resorufin with 5-bromo-3-methylfuran-2(5H)-one and 5-chloro-3,4-dimethylfuran-2(5H)-one and N, N-diisopropylethylamine as a base, in acetonitrile in yield up to 96% (Figure 4).


[image: Figure 4]
FIGURE 4. Synthesis of novel profluorescent SL probes.





Biological Activity of the Profluorescent Probes
 
Various Coumarin SL Profluorescent Probes Are Bioactive in Pea

In order to check whether the designed probes were biologically active on shoot branching inhibition, we performed branching assay with the SL-deficient rms1-10 mutant of pea. If the probe is biologically active, it should inhibit branch development. To evaluate this inhibition, we compared our results with rms1-10 mutants treated with a control solution, and with non-treated (NT) Térèse plants, for which bud development was inhibited by endogenous natural SLs. Globally, the acetate probes (DiFMUAc and CoumarinAc) showed no effect on rms1-10 mutant plants, confirming that the D-ring group is essential for a significant biological effect (Figure 5A, Supplementary Table 1). The significant effect observed for DiFMUAc at 100 nM could be due to the slight toxicity of DIFMUAc on axillary bud; however, it is not detected at higher concentration.
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FIGURE 5. Bioactivity in pea of probes vs. (±)-GR24 (rms1-10), coumarin and fluorescein probes (A), scopoletin probes (B), and resorufin derivative probes (C). Length of the axillary buds of rms1-10 plants, 8 days after direct application of probes and of (±)-GR24. All replicates are presented in Supplementary Table 1 with control 0. These data were obtained from means ± SE (n ≥ 20 plants). **P < 0.01, ***P < 0.001 indicate significant differences with the control treatment (0 nM) (CTL0) (Kruskal–Wallis rank sum test). CTL0, control 0. All the replicates are presented in Supplementary Table 1. +++P < 0.001 indicates significant differences with the (±)-GR24 treatment (10 nM) (Kruskal–Wallis rank sum test). ns, not significant.


Both (±)-GC242 and (±)-GC155 probes with two methyl groups on their D-ring appeared to be among the most bioactive molecules. We also observed an inhibition of bud development for the probes with one methyl group [(±)-GC240, (±)-GC116 and (±)-YLG] though the (±)-GC240 and (±)-YLG probes were less efficient than (±)-GR24 and probes with two methyl groups. This suggests that a two-methyl D-ring group improves the biological activity in pea as observed for SL analogs (Boyer et al., 2012, 2014). Surprisingly, when comparing the probes with one methyl group on the D-ring [(±)-GR24, (±)-GC116 and (±)-GC240], we observed the strongest inhibition of bud development, at 10 nM for (±)-GC116, suggesting that the coumarin moiety improved biological efficiency. Bearing scopoletin moiety (±)-GC379 and (±)-GC380 were bioactive for the three tested concentrations (Figure 5B). In contrast, the probes of the resorufin series [(±)-GC93 and (±)-GC247] showed an inhibitory effect with statistical significance only at 10 μM (Figure 5C). The (±)-YLG probe was less bioactive than (±)-GC240 and (±)-GC116 probes suggesting that the fluorescein group affected probe activity. We confirmed that (±)-GC486, without methyl on the D-ring, showed no biological activity on branching inhibition (de Saint Germain et al., 2016; Figure 5A) similar to (±)-dYLG (Yao et al., 2021). GC analogs could not repress branching of the pea rms3-4 perception mutant (Supplementary Table 2). These results suggest that GC probes, such as (±)-GR24, are bioactive SL analogs and inhibit bud outgrowth in pea via the RMS3 receptor, and not because of toxicity.

In order to explain the lower bioactivity of resorufin probes [(±)-GC93, (±)-GC247] and fluorescein (±)-YLG (Figures 5A,C), we fed the SL analogs to the vascular stream of pea shoots as previously described (de Saint Germain et al., 2021b; Muñoz et al., 2021). This feeding method allowed to circumvent a putative problem of tissue penetration due to compound hydrophobicity; however, this is not highlighted by LogP modeling (partition coefficient; Figure 2). Again, we found lower bioactivity for (±)-YLG and (±)-GC93 compared to the coumarin derivatives series, ruling out the role of tissue penetration on the weak bioactivity (Supplementary Figure 2, Supplementary Table 3). If not hydrophobicity, the most plausible explanation could be relatively the bigger size of fluorescein and resorufin compared to coumarin moiety.



Bioactivity of GC Probes in Arabidopsis

To compare the bioactivity of our probes between species, we performed a hydroponic bioassay with the Arabidopsis SL-deficient mutant max3-11. Since (±)-GC242 was previously found bioactive (de Saint Germain et al., 2016), we only tested the probes with one methyl group on the D-ring [(±)-GC240, (±)-GC116, (±)-GC93, and (±)-YLG] at two concentrations (0.5, 3 μM). The (±)-GR24 control treatment was bioactive at both concentrations whereas only the (±)-GC116 probe was found bioactive at 3 μM (Figure 6). This probe was also the most bioactive probe on pea for the control of shoot branching. In our conditions (±)-YLG and (±)-GC93 compounds were not bioactive contrary to previous studies (Tsuchiya et al., 2015; Wang et al., 2021). This result highlights the efficiency of our GC coumarin series on Arabidopsis and its appropriateness for in vivo investigations.
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FIGURE 6. Bioactivity in Arabidopsis of probes vs. (±)-GR24 (max3-11). Number of rosette branches of mutant plants max3-11 grown in long-day conditions. These data were obtained from means ± SE (n = 12 plants). ***P < 0.001 indicate significant differences with the control treatment (0 nM) (CTL0) (Kruskal–Wallis rank sum test). CTL0, control 0.




Coumarin and Resorufin Profluorescent Probes Are Bioactive in P. patens

In the moss P. patens, the biological activity of SL analogs was previously assayed by counting the number of filaments per plant, grown for 2 weeks in the dark following compound application (Guillory and Bonhomme, 2021). Both (±)-GR24 and (+)-GR24 enantiomer led to a decrease in filament number, in WT plants and in the Ppccd8 mutant, where the activity was more pronounced (Hoffmann et al., 2014; Lopez-Obando et al., 2021). Using the two methyl profluorescent probe (±)-GC242 (Figure 2), a dose-dependent decrease in the filament number was observed in the Ppccd8 mutant. However, the (±)-GC242 was found less active than (±)-GR24 (Lopez-Obando et al., 2021). We tested the activity of the GC series with only one methyl group and various fluorophores and compared it to that of (±)-GR24 and (±)-GC242. We also tested a profluorescent probe without a methyl group [(±)-GC486] since desmethyl GR24 was described as a better ligand for KAI2 in Marchantia polymorpha, which is another bryophyte (Yao et al., 2021; Figure 7). In the Ppccd8 mutant, we first observed that none of the fluorophores had an effect on the filament number, and we confirmed the previous activity reported for (±)-GR24 and (±)-GC242. (±)-GC240 (one methyl group) had similar activity as (±)-GC242 (two methyl groups), while (±)-GC486 had a slight opposite effect on the number of filaments in one bioassay replication (Supplementary Figure 3). Thus, the presence/absence of a methyl group on the D-ring has a strong influence, but not the number of groups. All profluorescent probes with one methyl group but various fluorophores had a significant effect on the filament number. However, the strongest activity was observed with resorufin derivative (±)-GC93, while both coumarin probes [(±)-GC240 and (±)-GC116] showed similar moderate activities, and fluorescein probe (±)-YLG was found to be less active. In one bioassay replication, no significant bioactivity was detected for (±)-YLG and (±)-GC116 (Supplementary Figure 3). These data suggest that, in addition to the presence of methyl on the D-ring, the nature of fluorophore has an effect on the profluorescent probe activity in P. patens.


[image: Figure 7]
FIGURE 7. Probe bioactivity tested on the moss P. patens. Bioactivity of fluorophores and profluorescent probes was assayed by counting the number of filaments in the dark following application and was compared to that of DMSO (control 0, white), and (+)-GR24 (in black). Each compound was used at 1 μM. Fluorophore bars appear hatched, while the profluorescent probe bars appear plain. Data are mean ± SE of 24 Ppccd8 mutant plants (n = 24) grown in three different 24-well plates. Significant differences between the control treatment (0 nM) and treated plants are based on ANOVA and Tukey's test as a post-hoc test; ***P < 0.001. CTL0, control 0.





Enzymatic Assays With the Profluorescent Probes

As previously described, after cleavage by the D14 proteins, these probes emit light when excited by a specific wavelength (Figure 3, Supplementary Figure 1). They allow us to have a quantitative follow-up of the reaction.

Two-phase cleavage kinetics was obtained with both (±)-GC242 and (±)-GC240: (1) an initial phase or burst phase corresponding to the fluorophore release during the first turnover (pre-steady state) and after a delay (few minutes or hours, depending on the ligand and the receptor); (2) a slow phase or a plateau (depending on the number of methyl on the D-ring) which can lead to return to the initial situation of a free D14 protein without ligand (steady state) for the probes bearing one methyl group. With two methyl group probes, a plateau was observed which does not allow for a second cleavage run for the protein, making this receptor unable to interact with other SLs (single turnover; de Saint Germain et al., 2016). We proposed that the different probes newly described, could be used to determine the parameters influencing the kinetic process and better understand the perception mechanism.


The Hydrolysis Kinetics by RMS3/PsD14 Are Different According to the GC Series Depending on the Number of Methyl Groups on the D-Ring

We performed enzymatic assays to study the effect of the D-ring structure on the kinetic cleavage. We used DiFMU probes harboring one [(±)-GC240], two [(±)-GC242], or no methyl group [(±)-GC486] on the D-ring, along with a molecule where the D-ring was replaced by an acetate group (DiFMU acetate, DiFMUAc; Figure 8A). We observed that the acetate probe kinetic differed from the other ones, with a higher extent of reaction but a slower reaction rate than those with one or two methyl groups. Moreover, the reaction seemed to be blocked at very low concentration for (±)-GC242 and (±)-GC240, in accordance with previous results (de Saint Germain et al., 2016). The (±)-GC486 kinetic differed from that of the other probes with a D-ring, with a high reaction rate, but the low slope of the cleavage kinetic curves during the initial phase in comparison to (±)-GC242 and (±)-GC240, suggests an initial slower cleavage velocity. We observed the same pattern with Coumarin acetate (CoumarinAc) vs. (±)-GC116 and (±)-GC155 (Figure 8B). However, CoumarinAc showed a slower velocity than DiFMUAc. The RMS3 showed Michaelian kinetics toward the acetate probes and (±)-GC486. Indeed, the hydrolysis of these probes was not blocked at a very low level, unlike for (±)-GC240 or (±)-GC242 (respectively due to the lack of D-ring or the absence of methyl group on the D-ring). This could be linked to the lack of bioactivity of these molecules on pea branching. Despite a higher velocity of DiFMUAc cleavage by RMS3, this probe shows the drawback to be poorly stable in PBS even in DMSO, in comparison to CoumarinAc (Supplementary Figure 4).
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FIGURE 8. Enzymatic assays with profluorescent probes harboring various D-ring moieties or acetate groups. Progress curves during DiFMU (A) and Coumarin (B) profluorescent probes at 10 μM cleavage with RMS3 protein at 400 nM monitored (λem: 460 nm) at 25◦C. These traces represent one of the three replicates, and the experiments were repeated at least two times.


To study the effect of the cargo group on the SL cleavage kinetics, we compared (±)-GC242, (±)-GC155, and (±)-GC247 probes, harboring two methyl groups on the D-ring but having three different fluorophores (Figure 9) and for which a single turnover mechanism was proposed (de Saint Germain et al., 2016). By recording the fluorescence, we observed a two-phase kinetic for all three probes (Figure 9B), with a burst phase, or a presteady phase, followed by a steady phase where the product concentration reached a plateau as previously described with (±)-GC242. Looking at the slope of the presteady state for all the four probes [(±)-GC240, (±)-GC116, (±)-GC93 and (±)-YLG], we estimated that the enzymatic activity depended on the probe, and thus on the fluorophore molecule replacing the ABC-tricycle (Figure 9A). We speculated that the fluorophore group may mimic a cargo group that interacts with the binding pocket of RMS3 and may therefore, influence the affinity. On the contrary, the heights of the plateau values were all in the same range and did not seem to depend on the probe. These results support the hypothesis of a single turnover enzymatic mechanism for the probes with two methyl groups.
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FIGURE 9. Enzymatic assays with profluorescent probes harboring various fluorophores. Progress curves profluorescent probes at 10 μM cleavage harboring D-ring with one methyl (A) or two methyl groups (B), with RMS3 protein at 400 nM monitored (λem: 460 nm) at 25◦C. These traces represent one of the three replicates, and the experiments were repeated at least two times.


We performed similar assays for the probes with one methyl group on the D-ring and noticed a different kinetic mechanism (Figure 9A). We observed two steps: a very fast burst phase (<30 s), difficult to highlight in our conditions, followed by a slow phase (steady state) with no plateau, contrary to two methyl D-ring probes (Figure 9B). Indeed, in this second phase, the reaction did not seem to be blocked, but the velocity was very low, meaning that the reaction did not perfectly follow a single turnover mechanism. Presumably, some RMS3 protein might catalyze more than one probe molecule. We also observed differences between the progress curves of the different probes, meaning that the cargo group still had an influence on the enzymatic mechanism.

To search for a destabilization effect, which characterizes bioactive SL analogs with SL receptors, we performed DSF binding assay with our novel probes on RMS3 protein. We confirmed that the (±)-GC116, (±)-GC155, and (±)-GC379 probes were able to destabilize RMS3 (Supplementary Figure 5). Similar investigations were not possible with resorufin and fluorescein probes [(±)-GC93, (±)-GC247, (±)-YLG] due to the overlap of their emission spectra with that of SYPROTM orange and RMS3 (Figure 3). We noticed three different behaviors for the probes with a D-ring according to their number of methyl groups. The (±)-GC486, with no methyl group on the D-ring, did not show a single turnover kinetic, but more likely a curve that resembled that of the acetate probes. The probes with two methyl groups showed a rapid and blocked enzymatic reaction that fits with the hypothesis of a single turnover mechanism. Finally, the probes with one methyl group had a particular kinetic that could be partly linked to a single turnover mechanism. These assays suggest that the number of methyl groups is important for covalent adduct stability.



Comparison of the Hydrolysis Kinetics Between SL Receptor From Different Species

Finally, the GC probes were used to compare the enzymatic activity of RMS3, AtD14, DAD2, and OsD14 proteins. We compared the enzymatic kinetics of these proteins at a concentration of 0.33 μM toward three different probes at 10 μM [(±)-GC240, (±)-GC242, and (±)-YLG, Figure 10]. All tested proteins were able to cleave the (±)-GC240 and (±)-GC242 probes but differences in the reaction kinetics were observed. With (±)-GC240 cleavage, it was highly difficult to highlight the rapid phase of the kinetic (due to the low time resolution), except for OsD14 suggesting a lower affinity of the rice SL receptor toward (±)-GC240 (Figure 10A), confirmed by the cleavage profile of (±)-GC242 (Figure 10B). Surprisingly, we observed that OsD14 was unable to cleave (±)-YLG, in contrast to the three other proteins (Figure 10C).
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FIGURE 10. Enzymatic kinetics for AtD14, RMS3, OsD14, and DAD2 proteins incubated with (±)-GC240 (A), (±)-GC242 (B), or (±)-YLG (C). Progress curves during probes cleavage, monitored (λem 460 nm for (±)-GC240 and (±)-GC242 and λem 510 nm for (±)-YLG) at 25◦C. Protein catalyzed cleavage with 400 nM of protein and 20 μM of probes. These traces represent one of the three replicates, and the experiments were repeated at least two times.






DISCUSSION


Importance of Having Probes With Different Spectral Properties

The design of profluorescent SL probes was focused on obtaining bioactive molecules with spectral properties compatible with biochemistry approaches, such as enzymatic kinetics and fluorescence-based binding assays (DSF, nanoDSF, or intrinsic fluorescence assays). Probes should present a high molecular brightness and a large Stokes shift to easily record the fluorescence emission with classical equipment. Probes also need to be highly stable to perform kinetic measurements. Unfortunately, none of the molecules tested here could combine all these properties, for example, resorufin. Resorufin is a common fluorophore used in profluorescent probes (Gao et al., 2003; Zhang et al., 2015; Yan et al., 2016; Biswas et al., 2017; Wu et al., 2017; Tian et al., 2021). It showed a high brightness, a broad spectrum, and longer analytical wavelength than the fluorescein moiety present in YLG, efficient for in planta imaging and has been claimed (Wang et al., 2021) to outperform YLG series, for its optical properties more adapted to in planta imaging. However, resorufin probes present small Stokes shifts, which are the major limitations of resorufin series, and are not suitable for DSF assays. An opportunity in the development of efficient SL profluorescent probes focussed not only on the modulations of resorufin unit to improve the pKa, solubility and the membrane permeability but also on expanding the Stokes shifts as recently reported (Tan et al., 2021). Thus, the development of novel profluorescent SL should offer tools for dedicated applications.



Important Effect of Chemical Structures of Profluorescent Probes for Bioactivity

In comparison to (±)-YLG, the GC probes showed lower brightness, which is a drawback of fluorescent detection, but with the leaving group, the GC probes showed a hindrance more similar to that of natural SLs. Accordingly, we found out that GC probes were biologically active in pea, with a better bioactivity for coumarin-based probes. Only the most active probes in pea [(±)-GC242 and (±)-GC116] were significantly bioactive in Arabidopsis. We demonstrated that the coumarin profluorescent probes were highly bioactive and well-adapted to dissect the enzymatic properties of SL receptors. The high bioactivity of GC coumarin probes is linked not only to their hydrophobicity (LogP) close to that of (±)-GR24 but also to the good cleavability of the leaving groups in relation to their low pKa values (Figure 2) as noticed for debranones (Fukui et al., 2017). This high bioactivity could also be attributed to their binding affinity to SL receptors, mainly based on the cargo group (i.e., fluorescent part). Our experimental data are consistent with a recent molecular simulation study (Wang et al., 2021). Based on the demonstrated high bioactivity of different SL coumarin profluorescent probes in vascular plants, we can assert that this chemical backbone constitutes a relevant working basis for developing new probes with refined properties. Coumarin is a fluorophore that has been repeatedly used to design sensors aiming at the detection of biological elements and phenomena of many different origins (Cao et al., 2019). It is reported in several studies that can easily inspire us in this quest. Further design on the fluorophore backbone itself, in order to adjust its optical properties (brightness, absorption, and emission wavelengths) and/or physicochemical properties (solubility, pKa, logP) may also allow us to develop new molecules that are more relevant for use in biological environments (Roubinet et al., 2015).



Profluorescent Probes: Clues for Knowledge in SL Perception in Pea and Arabidopsis

Enzymatic competition assay with YLG and GC probes have been used to characterize the perception mechanism of newly identified D14 ligand. However, the interpretation of these results and the determination of kinetic constant like Ki (inhibition constant) remains challenging because D14 does not behave like a Michaelian enzyme toward these probes. To overcome this difficulty, it is possible to use the acetate probes to perform enzymatic competition assay and characterize more easily the type of competition mechanism and compare different ligand binding properties.

We observed that some of these probes are not only hydrolyzed by D14 proteins but are also not biologically active on pea [i.e., DiFMUAc, coumarinAc, and (±)-GC486]. This means that the bioactivity does not depend on the cleavage of the molecules, but more probably on the formation of a particular intermediate. The biological activity is also dependent on the presence of D-ring with one or two methyl groups, which suggests that this part of the molecule participates in the perception mechanism. Different parameters influence the affinity and kinetics of plant SL receptors in the presence of SLs: they depend both on the D-ring and on the cargo group. The cargo group, which corresponds to ABC-tricycle in canonical SLs, is partially responsible for the interaction with D14. Thus, it could influence the reaction rate and the apparent affinity because this part of the molecule acts in the first contact with D14. Moreover, the structure of the D-ring part also influences the enzymatic mechanism as it was observed with the variation of the number of methyl groups. Indeed, the probes with two methyl groups seemed to undergo a strict single turnover mechanism while those with one methyl group showed a burst phase followed by a slow phase. The covalent adduct created with the D-ring with two methyl groups could be more stable due to steric interactions and/or electronic effects in contrast to the D-ring with one methyl group and even with no methyl group for which no covalent adduct was detected with RMS3 (de Saint Germain et al., 2016). To precisely compare the enzymatic activity of the different receptors toward each probe, and to provide a better understanding of SL perception mechanism, it is necessary to determine kinetic constants like KM, Vmax, and kcat. Since it is clear that this mechanism depends on the structure of the SL molecule, it could be interesting to modulate pKa, hindrance, and hydrophobicity of the probes to link cleavage kinetics, bioactivity, and perception mechanism.



Profluorescent Probes: Tools to Perform SAR Study and Compare Bioactivity Between Species

We have shown that the hydrolysis profile of profluorescent probes is not only dependent on the probes but also on the SL receptors. There is generally a correlation between a fast cleavage of the probe and a good biological activity on pea and Arabidopsis. This should be verified not only for petunia but also for rice for which OsD14 protein is not able to cleave (±)-YLG.

Furthermore, the hydrolysis activity is proposed to be determinant to have a highly sensitive SL receptor as in Striga, Orobanche, and Phelipanche (de Saint Germain et al., 2021b; Chen et al., 2022). GC and (±)-YLG probes showed germination activity in these parasitic plant seeds but much weaker than SLs and without selectivity (de Saint Germain et al., 2021b; Wang et al., 2021). SL profluorescent probes with better efficiency would be worth being developed for the study of SL receptors in these plants.

In P. patens where there is no D14 ortholog, 13 PpKAI2Like genes have been reported as encoding candidate receptors for SL and for the so far unknown KAI2-Ligand (KL). Strikingly, the SL and the KL pathways have opposite effects on the filament number and the phenotype assayed in the present study. The (+)-GR24 is a good mimic for SL in moss, decreasing the number of filaments, and is likely to be perceived by the PpKAI2L (GJM) clade (Lopez-Obando et al., 2021). Here, we show that (±)-GC93 has the best bioactivity as SL mimics in P. patens, being even more potent than (±)-GC242. This profluorescent probe could thus be used to further analyze SL perception mechanism in moss, when PpKAI2L-G,J recombinant proteins will be available (Lopez-Obando et al., 2021). Besides, the (−)-GR24 has proven as a poor mimic for studying the KL pathway by the PpKAI2L (A-E) clade. Although the natural SLs have only one methyl group on the D-ring (Yoneyama, 2020), recent results demonstrated that (−)-desmethyl GR24 was a better mimic of KAI2-ligands (KL) than (−)-GR24 (Yao et al., 2021). In one assay reported above, the (±)-GC486 (no methyl on the D-ring) showed an opposite effect to that of other probes, increasing the number of filaments (Supplementary Figure 3). The (±)-GC486 thus needs to be tested as a potential KL agonist on moss WT and Ppkai2La-e mutants (Lopez-Obando et al., 2021).



Tools for new Investigation/Applications
 
Research of Agonists and Antagonists With Profluorescent Probes

Synthetic inhibitors KK094 (Nakamura et al., 2019), TFA (Hamiaux et al., 2018), and DL1b (Yoshimura et al., 2020) of D14 SL receptors have been described in Arabidopsis and petunia. Their discovery was based especially on their aptitude to inhibit the hydrolysis of (±)-YLG in competition assays with SL receptors. However, no bioactivity of these molecules (KK094, TFA, DL1b) was detected in pea. A screen of chemical libraries for potential SL agonists and antagonists could thus be undertaken using our GC coumarin tools [e.g., (±)-GC242 or (±)-GC116] highly bioactive in pea for bud outgrowth inhibition via RMS3, to discover novel hits. With the GC probes, it would be also possible to characterize OsD14 enzymatic properties and screen for compounds interacting with the SL rice receptor, that is not possible with (±)-YLG. The use of different fluorophores could facilitate high throughput screening for active molecules and inhibitor, especially to detect molecules with fluorescence property that perturb the signal detection and are therefore used to be eliminated from the screen.

The (±)-YLG has also been used to validate SL receptor agonists (Uraguchi et al., 2018) or antagonists (Holbrook-Smith et al., 2016; Arellano-Saab et al., 2022; Zarban et al., 2022) for Striga. Again, the discovery of a profluorescent probe, which is as active as SLs, remains to be discovered to obtain a more relevant screening tool for the discovery of efficient inhibitors for SL receptors or SL mimics.



Characterization of Other Enzymes

Very recently, a degradation pathway for SLs has been discovered in Arabidopsis thaliana (Xu et al., 2021). It involves a carboxylesterase (AtCXE15), with no SL reception function, which was demonstrated to be able to break SL molecules and thereby modulate shoot branching. The SL profluorescent probes are also very promising tools to characterize this type of enzyme or any protein that is able to cleave SLs.



For in Planta Imaging

Fluorogenic SL probes are essential tools for in planta imaging, but tissue autofluorescence is a major problem in plants, due to the high content of photosynthetic pigments. With the expansion of profluorescent probes repertory, it would be possible to develop microscopy imaging specifically to localize SL perception. Co-localization with GFP-tagged proteins would also be easier with GC probes, while fluorescein spectra overlapping with GFP prevents such studies (Figure 3).





CONCLUSION

To conclude, our experiments partially unveiled the complexity and the diversity of SL perception by the D14 family of receptors. We emphasized that no profluorescent SL probe was universal and that these probes should be used with caution depending on their designated purpose. Our molecular tools described could help to discover novel useful agonists/antagonists of SL receptors for applications and fundamental knowledge.
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Shoot branching is among the most crucial morphological traits in rice (Oryza sativa L.) and is physiologically modulated by auxins, cytokinins (CKs), and strigolactones (SLs) cumulatively in rice. A number of studies focused on the interplay of these three hormones in regulating rice tiller extension. The present study primarily aimed at determining the impact of different treatments, which were used to regulate rice tiller and axillary bud development on node 2 at the tillering stage and full heading stage, respectively. Transcription levels of several genes were quantified through qRT-PCR analysis, and an endogenous auxin and four types of CKs were determined through LC-MS/MS. Both nutrient deficiency and exogenous SL supply were found to inhibit rice tiller outgrowth by reducing the CK content in the tiller buds. Furthermore, supplying the inhibitor of both exogenous SLs and endogenous SL synthesis could also affect the expression level of OsCKX genes but not the OsIPT genes. Comparison of OsCKX gene expression pattern under exogenous SL and CK supply suggested that the induction of OsCKX expression was most likely via a CK-induced independent pathway. These results combined with the expression of CK type-A RR genes in bud support a role for SLs in regulating bud outgrowth through the regulation of local CK levels. SL functioned antagonistically with CK in regulating the outgrowth of buds on node 2, by promoting the OsCKX gene expression in buds.

Keywords: rice, tiller bud, strigolactones, cytokinin, OsCKXs


KEY MESSAGES

Strigolactones and cytokinins play antagonistically in the control of shoot branching in rice. The transcription level of OsCKXs was highly induced by SLs, suggesting an insight into the role of SLs in inhibiting the development of axillary buds.



INTRODUCTION

Shoot architecture is a crucial morphological feature for plant survival and competition. It is among the key agronomic and major contributing factors to the yield and overall performance of rice (Oryza Sativa L.). As a major determinant of plant architecture, shoot branching involves the formation of axillary buds in the axils of leaves and subsequent outgrowth of buds. It is a well-known fact that shoot branching is strikingly affected by various environmental factors like drought and soil nutrient deficiencies (Horvath et al., 2003; Umehara et al., 2010; Sun et al., 2014; Luo et al., 2018). The initiation of axillary branching and development is a complex phenomenon and is found to be implicated with plant hormones like auxins, CKs, and SLs. Auxins and SLs are involved in inhibiting the bud outgrowth, while CK promotes it (Dun et al., 2009; Leyser, 2009; Beveridge and Kyozuka, 2010).

Rice tillering is strongly affected by nutrient availability, such as nitrogen (N) and phosphorus (P). N and P deficiency has been evidenced to increase SL content in roots and root exudates (Yoneyama et al., 2007; Xie et al., 2010; Brewer et al., 2013; Sun et al., 2014). The suppression of tiller bud outgrowth under P deficiency in wild-type plants will not happen in SL-deficient and signal mutants (Umehara et al., 2010). Based on previous studies, SLs were proved to be involved in the inhibition of rice tillering in response to N and P deficiency (Umehara et al., 2010; Xu et al., 2015). N deficiency inhibits the cell division-determined elongation (Luo et al., 2017), thus affecting the development of rice tiller buds. Meanwhile, N-controlled branching was proved partially by SLs, by using SL biosynthesis mutant in Arabidopsis (de Jong et al., 2014).

Strigolactones are a class of carotenoid-derived hormones that have been found in the root exudates of most plant species (Cook et al., 1966; Akiyama et al., 2005). Studies regarding SL biosynthesis and signaling mutants have indicated that SLs perform various roles in regulating plant development (Zou et al., 2006; Arite et al., 2007, 2009). The most featured role of SLs is in the regulation of axillary shoot branching in many plant species. Grafting studies demonstrated the synthesis of branch-inhibiting signals in the root or shoot tissues, and their subsequent movement in the upward direction (Domagalska and Leyser, 2011). This could result in inhibiting the bud outgrowth through branch-inhibiting signals or translocation of its precursors over long distances and may act locally in or near the axillary buds (Beveridge et al., 1996, 1997; Napoli, 1996; Morris et al., 2001; Turnbull et al., 2002; Booker et al., 2005; Simons et al., 2007). It is well-documented that the SMXL/D53 acts as a target for SL-induced D14-SCF-dependent protein degradation (Zhou et al., 2013; Jiang et al., 2013; Soundappan et al., 2015; Wang et al., 2015). In a broader sense, the second-messenger and canalization can be considered as two main models to study shoot branching regulation via SLs. As per the second-messenger model, root synthesized SLs and CKs are transported to shoot and directly affect branching in buds (Dun et al., 2012; Brewer et al., 2015). Auxin from apices acts indirectly to inhibit the release of dormant buds by regulating the synthesis of SLs and CKs in nearby tissues (Domagalska and Leyser, 2011). Both SLs and CKs affect branching by regulating BRANCHED1 (BRC1, a major regulatory nexus for shoot branching) expression in buds. The BRC1 expression is significantly reduced in the max2 mutant and remarkably enhanced in smxl6 smxl7 smxl8 max2 multiple mutants (Seale et al., 2017). In addition, exogenous SLs rac-GR24 supply can upregulate the BRC1 expression rapidly, independent of any new protein synthesis, suggesting that BRC1 is the most direct target of SL signaling (Dun et al., 2012).

Cytokinin is the only hormone that has been shown to promote axillary shoot branching. CK levels in the axillary bud can be affected by local auxin contents by regulating the expression of adenosine phosphate-isopentenyl transferase (IPT) genes (Turnbull et al., 1997; Shimizu-Sato et al., 2009). In addition, likely a trigger for bud release, CK was reported to promote auxin production and basipetal auxin transport out of the growing buds, consequently repressing the production of CK in the stem and limiting its availability for other buds (Bangerth et al., 2000; Tanaka et al., 2006; Shimizu-Sato et al., 2009).

Regarding the contrary roles of CKs and SLs in axillary bud outgrowth (Braun et al., 2012; Dun et al., 2012), the mechanism of their antagonistic functions on branching regulation is seldom studied. In pea and Arabidopsis, the CKs in the xylem sap of SL-deficient mutants were lower relative to wild-type plants due to feedback regulation operating in the SL branching pathways (Beveridge et al., 1997; Morris et al., 2001; Foo et al., 2007). The promotion of CK on axillary bud outgrowth can be reduced by exogenous SLs without affecting the CK biosynthesis genes in pea (Dun et al., 2012). Also, SL biosynthesis might be affected by CK, and the auxin induced the upregulation of More Axillary Growth 4 (MAX4, SL biosynthesis gene), which can be prevented by CKs (Bainbridge et al., 2005). CKs and SLs may converge at a common point in the bud outgrowth regulation pathway in pea (Dun et al., 2012). In rice, CK levels in nodal tissues were found to be higher in D10-RNAi plants (presumed SL deficient) when compared to the wild-type plants (Zhang et al., 2010). Transcriptome analysis revealed that four CKX genes of Arabidopsis were downregulated in the max2 mutant (SL mutant) (Ha et al., 2014). Recently, one of the CKX genes (CKX9) was promoted by SL signaling, thus leading to CK degradation in rice plants (Duan et al., 2019). On the other hand, CKs suppress biosynthesis in roots (Yoneyama et al., 2020), thus SLs and CKs could supress each other systemically.

In the current study, two different bud types of rice, tiller bud (located at fifth leaf axils) and node bud (located at the second nodes from the top), were investigated. Different treatments were applied to shift buds between the dormant stage and the transition stage. Auxin and CK content in both nodes and buds were measured using HPLC (LC-MS/MS). Also, hormone-related gene expression patterns, in response to each treatment, were also examined in this study. Our results gave an insight into how SLs integrate with CK to regulate bud outgrowth in rice tiller buds.



MATERIALS AND METHODS


Plant Growth

The experiment was divided into two sessions according to different stages of treatment. Both sessions were conducted in the net house of Nanjing Agriculture University (Jiangsu Province, China) during the rice-growing season. An indicator cultivar, Yangdao 6, was used as a test crop in this study.

In the first group, 20-day-old rice seedlings (planted in a seedbed) were transplanted to 20 L plastic pots containing full nutrient solution with composition as described by Yoshida (1975). The nutrient solution contained 40 mg⋅L–1 CaCl2, 40 mg⋅L–1 K2SO4, 40 mg⋅L–1 MgSO4⋅7H2O, 0.5 mg⋅L–1 MnCl2⋅4H2O, 10 mg⋅L–1, NaH2PO4⋅2H2O, 0.05 mg⋅L–1 (NH4)6⋅Mo7O24⋅2H2O, 0.01 mg⋅L–1 ZnSO4⋅7H2O, 0.2 mg⋅L–1 H3BO3, 2.0 mg⋅L–1 FeCl2⋅6H2O, and 0.01 mg⋅L–1 CuSO4⋅5H2O. The N and P concentrations varied in the treatments depending upon the amounts of NH4NO3 and NaH2PO4⋅2H2O. The nutrient solutions of all treatments were treated with 0.1 M HCl to maintain a PH value of 5.5. In the second group, the rice seedlings of the same age were transplanted into plastic pots having diameter and height of 30 cm. Each pot, where four seedlings were transplanted, contained 15 kg of sieved soil. N (1.6 g plot–1 as urea), P (0.8 g plot–1 as single superphosphate), and potassium (1.2 g plot–1 as KCl) were applied at the time of seedling transplantation. Surface water was applied to irrigate these pots over the entire growing season of the plants.



Plant Materials and Treatment


Tillering Stage

The rice plants were grown in a sufficient N (2.5 mM) and P (300 μM) concentration for sustainable growth. When these rice seedlings developed up to seven leaves on their main stems, they were divided into four treatment groups. One was treated with 2.5 mM N and 300 μM P (normal nutrient levels, Co-1 treatment), the second with 0.02 mM N and 300 μM P (LN treatment), the third with 2.5 mM N and 2 μM P (LP treatment), and the fourth with 2.5 mM N, 300 μM P, and a final concentration of 2 μM rac-GR24 (synthetic strigolactone, GR treatment).

As a reverse, some rice seedlings were grown under P-deficient conditions (2 μM). When these rice seedlings developed seven leaves on their main stems, they were divided into three treatment groups. One was treated with 2 μM P (Low P levels, Co-2 treatment), the second with 300 μM P (HP treatment), and the third with 2 μM P and a final concentration of 2 μM TIS108 (TIS treatment, as a potent and specific SL biosynthesis inhibitor).



Full Heading Stage

Different concentrations of BA (30 μM) and rac-GR24 (2 μM) were supplied in a volume of 0.5 ml directly to the axillary bud on node 2 as described by Gomez-Roldan et al. (2008) and Dun et al. (2009). Different from other plants, the bud on node 2 in rice is always covered by leaf sheaths. We peeled out the sheaths from the stem to pour the solution into the gap between the stem and sheaths. The sheath of control treatment (Co-3) was also peeled out as other hormone treatments but treated with solvent.




Measurement of Endogenous Plant Hormones

The measurement of SL in root exudates was performed as described previously (Ishikawa et al., 2005; Umehara et al., 2008). For each sample, 50 ml of hydroponic culture medium loaded into a pre-treated Oasis HLB 3cc cartridge (Waters) was used after adding internal standard (1 ng of d6-5DS) and washing with de-ionized water. The SLs were determined using a UPLC-MS/MS analysis as described before (Zhou et al., 2013).

The extraction and purification of indole-3-acetic acid (IAA) and four types of CKs (tZ, tZR, iP, and iPR) were carried out using methods described by Dobrev and Kaminek (2002). The determination of IAA, tZ, tZR, iP, and iPR was performed using an LC-MS/MS (Aglient1290 and SCIEX-6500trap) system as previously described by Nakagawa et al. (2005).



Gene Expression Analysis

Bud and node tissues were frozen, and total RNA isolation and cDNA synthesis were carried out as described in our previous work (Xu et al., 2015). Quantitative real-time PCR (qRT-PCR) was performed using the Roche LC 480 (Roche diagnostics, Penzberg, Germany) and SYBR premix Ex Taq Kit (TaKaRa). Each reaction contained 10 μL of SYBR Premix Ex Taq, 1 μL each of 10 μM gene-specific primer pair, 5 μL of template cDNA, and 4 μL of water. The thermal cycle of qRT-PCR was carried out at 95°C for 3 min, 40 cycles at 95°C for 15 s, and at 60°C for 60 s. Primer sequences used to amplify the transcripts are shown in Supplementary Table 1.



Statistical Analysis

ANOVA test was performed using SPSS 17.0. Data from each sampling event were analyzed separately. Mean values were tested with the least significant difference test, and the significance level was set at p ≤ 0.05.




RESULTS


Tiller Bud Growth Was Suppressed by LN, LP, and GR Treatment at Tillering Stage

The tillers of the Co-1 plants grew naturally during the first 2 weeks of treatments; meanwhile, tillers were significantly reduced in response to nitrate deficiency (LN), phosphorous deficiency (LP), and exogenous rac-GR24 (GR) treatments (Figures 1A,B). The color of older leaves turned yellow in LN and LP plants, but remained green in GR plants, as in the case of Co-1 (Figures 1A,B). During 72 h of post-treatment, the growth of tiller buds of Co-1 remained active and grew normally. However, the tiller bud length in LN and LP plants was inhibited and found to be significantly shorter than those in the Co-1 plants at just 48 and 72 h of treatment, respectively (Figure 1C). Not surprisingly, the tiller buds in GR plants were inhibited significantly and showed growth stagnancy 12 h after treatment (Figure 1C). OsFC1 is known to be a negative regulator of bud growth and works downstream of the SL signaling pathway. Consistent with the outcome, the transcription level of OsFC1 was highly induced in LN, LP, and GR plants when compared to the Co-1 plants (Figure 1D).
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FIGURE 1. Effects of LN, LP, and GR treatments on the growth of rice tiller and OsFC1 expression in tiller bud. (A) Rice plant before treatment; (B) rice plants after 2 weeks of treatment; (C) outgrowth of rice tiller buds at the fifth leaf axils; and (D) OsFC1 expression in tiller buds at the fifth leaf axils. The arrows in (A) and (B) refer to the growth of new tillers within 2 weeks. Co-1 contains 2.5 mM N and 300 μM P in a nutrient solution, LN contains 0.02 mM N and 300 μM P in a nutrient solution, LP contains 2.5 mM N and 2 μM P in a nutrient solution, GR contains 2.5 mM N, 300 μM P, and 2 μM rac-GR24 in a nutrient solution. The expression of OsFC1 in the tiller buds at 0, 1, 2, and 14 days after each treatment is represented relative to the Co-1 at 0 day. Vertical bars (C) represent mean ± standard error (n = 60). The value (D) obtained from the control treatment at 0 h after treatment was arbitrarily set at 1.0. Quantitative real-time PCR was performed in triplicate (three biological replicates), and mean values with SD are shown.




Cytokinin Content in Tiller Buds Was Reduced During Bud Inhibition by Strigolactones

Auxins and CKs play a major role in regulating rice tiller outgrowth. To check whether the CK and auxin levels would change in rice tiller buds and nodes with nutrient deficiency and GR treatment, we measured the endogenous concentrations of several natural CKs and auxins in both tiller nodes and buds. In Co-1 control plants, the contents of IAA and CK in tiller buds and nodes changed after 12 h, which may be due to the plant growth during the daytime. The amounts of IAA decreased profoundly in GR and LP plants in both tiller buds and tiller nodes, and only decreased in tiller nodes in LN plants when compared to Co-1 plants (Figure 2). All forms of CKs, in reponse to GR treatment, showed decreased concentrations than those observed in Co-1 treatment after 12 h of treatment in tiller buds, indicating that exogenous SLs can reduce the amount of CKs in tiller buds (Figure 2A). In response to LN and LP treatments, the CK levels were observed to be lower than in Co-1 plants but not as significant as in GR plants in tiller buds. However, the CK concentration in tiller nodes did not show similar trends as noticed in tiller buds (Figure 2B). The tZ, tZR, and iPR contents were induced by GR, but only tZR and iP produced enhanced response to LP in tiller nodes. Interestingly, the iPR treatment was not affected by all the treatments and remained at a stable level with Co-1 in tiller nodes (Figure 2B).


[image: image]

FIGURE 2. Effect of N, phosphorous, and GR24 on the amounts of CK and indole-3-acetic (IAA) in rice tiller buds (A) and nodes (B). At 0 and 12 h after treatment, the amounts of CK and IAA in rice tiller buds located at the fifth leaf axils and nodes were measured (tZ, tZR, iP, iPR). FW, fresh weight. Values in each column at the same amount of hormone followed by different letters were significantly different at p = 0.05 (n = 3).


The deficiency of both N and P led to an increase in the endogenous SL contents in rice roots (Sun et al., 2014). In our study, LN and LP significantly increased the expression of genes involved in the synthesis of SL in rice roots and tiller buds (Figure 3). The relative expression levels of OsD10, OsD17, and OsD27 in both tiller nodes and buds were found to be higher in both LN and LP plants when compared to Co-1 plants, although the enhancement in the case of LP was more prominent than in LN (Figure 3). Interestingly, the expression levels of OsD3 and OsD14 were enhanced in tiller buds under GR compared with Co-1, but decreased in roots. Without a doubt, GR was found to be involved in the expression of SL signaling genes and negatively affected the transcription of SL synthesis genes significantly (Figure 3). All these results were consistent with the previous study on SL-related gene response to nutrient deficiency and exogenous SL treatment (Sun et al., 2014). Further, measurement of 2′-epi-5-deoxystrigol (epi-5DS), a native SL of rice, in the root exudates proved that none of the P treatments significantly promoted the endogenous SL biosynthesis, but was inhibited by GR24 supply (Supplementary Figure 1). Combining all the above-mentioned findings, we hypothesized that the decreased content of CK in tiller buds under LN, LP, and GR treatments may be correlated with endogenous and exogenous SLs. Furthermore, SLs may inhibit tiller bud outgrowth partly by reducing the local CK content in the bud.
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FIGURE 3. Expression patterns of OsD10, OsD17, OsD27, OsD3, and OsD14 ST biosynthesis and signaling genes in rice tiller buds (A) located at the fifth leaf axils and root (B) expressed in response to the treatment. Total RNA was isolated from less than 0.1 g of buds and nodes each time. β-Actin was used as a reference gene. The value obtained from the control treatment at 0 h after treatment was arbitrarily set at 1.0. Expression of each gene at 0, 3, and 6 h after treatments is represented relative to the Co-1 treatment at 0 h. Quantitative real-time PCR was performed in triplicate (three biological replicates), and mean values with SD are shown.




Strigolactone Promotes Cytokinin Degradation in Rice Tiller Buds at Tillering Stage

The level of CKs is controlled by both CK biosynthesis and degradation in rice. Adenosine phosphate-isopentenyl transferase (IPT) catalyzes the rate-limiting step of CK biosynthesis. In Arabidopsis, AtIPTs respond specifically to NO3– and NH4+ treatments (Takei et al., 2004; Sakamoto et al., 2006). Auxin moves basipetally and controls local CK biosynthesis by mediating PsIPT expression in pea plants (Li et al., 1995; Tanaka et al., 2006). Eight OsIPTs genes were revealed by molecular and biochemical studies in the rice genome (Sakamoto et al., 2006). The CKX encoding genes control the level of endogenous CKs, which are required for irreversible CK degradation in plants and play an indicating role in detecting CK levels (Galuszka et al., 2001; Ha et al., 2012). The CKX enzymes, encoded by the multigene family, include 11 OsCKXs in rice. We only successfully detected five OsIPTs and five OsCKXs in our samples. The expression of the most detected OsIPT genes was increased by more than 1.5 times in rice tiller buds but decreased quickly in tiller nodes in response to LN and LP (Figure 4). However, GR did not change significantly the expression level of five OsIPT genes in either tiller nodes or buds (Figure 4). All the five detected OsCKX genes were significantly upregulated by LP, but only OsCKX2, OsCKX4, and OsCKX9 increased by more than two times in the rice tiller buds of LN plants (Figure 5A). In tiller nodes, LN and LP did not significantly affect the OsCKX gene expression (Figure 5B). Three OsCKX genes, except for OsCKX1 and OsCKX5, were enhanced by GR, while only GR prominently induced the expression of five OsCKX genes in tiller nodes (Figure 5B). These results suggest that SLs can decrease the CK content in buds by increasing CK degradation, whereas only exogenous SLs functioned in tiller nodes.
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FIGURE 4. Expression patterns of OsIPT3, OsIPT4, OsIPT5, OsIPT7, and OsIPT8 CK biosynthesis genes in rice tiller buds (A) and tiller nodes (B) located at the fifth leaf axils expressed in response to the treatment. Total RNA was isolated from less than 0.1 g of buds and nodes each time. β-Actin was used as a reference gene. The value obtained from the control treatment at 0 h after treatment was arbitrarily set at 1.0. Quantitative real-time PCR was performed in triplicate (three biological replicates), and mean values with SD are shown.
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FIGURE 5. Expression patterns of OsCKX1, OsCKX2, OsCKX4, OsCKX5, and OsCKX9 CK degradation genes in rice tiller buds (A) and tiller nodes (B) located at the fifth leaf axils expressed in response to the treatment. Total RNA was isolated from less than 0.1 g of buds and nodes each time. β-Actin was used as a reference gene. The value obtained from the control treatment at 0 h after treatment was arbitrarily set at 1.0. Quantitative real-time PCR was performed in triplicate (three biological replicates), and mean values with SD are shown.


To confirm our hypothesis, reverse experiments were designed using high phosphorous (HP) treatment and TIS108 (a neogenesis SL synthesis inhibitor) supply. The TIS108 is a specific SL biosynthesis inhibitor that inhibits SL biosynthesis in both rice and Arabidopsis (Ito et al., 2011, Ito et al., 2013), but its target site is still unknown. HP or TIS108 supply could release the tiller buds from dormancy and reduce endogenous SLs biosynthesis in rice, based on low P growth conditions (Supplementary Figures 2, 3). With these treatments, five OsCKXs genes were found to be reduced in different degrees (Figure 6). At the same time, the transcription levels of OsIPT3, OsIPT4, and OsIPT7 in tiller buds increased more than 1.5 times in response to HP when compared to Co-2 plants (Supplementary Figure 4). However, the transcription level of five OsIPT genes remained at a relatively stable level in response to TIS in tiller buds (Supplementary Figure 4). Under the conditions of nutrient deficiency and GR, it emerged that SLs functioned as regulators of CK degradation in rice tiller bud. In a previous study, exogenous SL supply appeared to be reducing bud growth in response to CK in pea (Dun et al., 2012). Furthermore, impaired SL signaling led to the downregulation of CKX-encoding genes (Ha et al., 2014). All these results can support our notion that SL promotes CK degradation in rice buds.
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FIGURE 6. Expression patterns of OsCKX1, OsCKX2, OsCKX4, OsCKX5, and OsCKX9 CK degradation genes in rice tiller buds located at the fifth leaf axils expressed in response to the treatment. Co-2 contains 2 μM P in a nutrient solution, HP contains 300 μM P in a nutrient solution, and TIS contains 2 μM P and 2 μM TIS108 in a nutrient solution. Total RNA was isolated from less than 0.1 g of buds and nodes each time. β-Actin was used as a reference gene. The value obtained from the control treatment at 0 h after treatment was arbitrarily set at 1.0. Quantitative real-time PCR was performed in triplicate (three biological replicates), and mean values with SD are shown.




Exogenous Strigolactone Supply Reduces the Cytokinin Promotion of Bud Growth Directly at Full Heading Stage

To further explore the relationship between SLs and CK degradation in rice bud inhibition, we shifted our attention to rice node 2 at the full heading stage, to enable focusing on each specific bud. At full heading stage, all the buds at node 2 no longer outgrew and maintained a dormant state unless stimulated by the environmental conditions, such as decapitated and plant hormone supply. Buds on node 2 were released from the dormant state and grew out with BA supply (Figure 7). A direct supply of GR24 to the bud resulted in a reduction of BA-induced bud growth in rice, and the reduction was enhanced with the increase amonts of GR24 (Figure 7). This finding demonstrated that SLs and CK played antagonistic roles in the regulation of bud outgrowth in rice.
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FIGURE 7. Strigolactone reduces the stimulatory effect of BA-induced bud outgrowth in rice. rac-GR24 and/or BA were supplied to the axillary bud directly on node 2 at the full heading stage. Bud length of 60 buds at node 2 was measured 3 days after treatment. Vertical bars in C represent mean ± standard error values (n = 60).


The outgrowth of axillary bud has been well-confirmed and is correlated with the local CK concentration in rice, where the CK acted independently to regulate the bud growth (Chatfield et al., 2000). The genes type-A RRs have been defined as the CK-mediated genes that are required for bud activation in Arabidopsis (Müller et al., 2015). Also, such genes were used as marker genes of CK-inducible processes (López-Bucio et al., 2007). To determine whether the exogenous SLs reduced the bud outgrowth via the CK pathway directly, the transcript levels of ten OsRR genes were detected with the interaction of BA and GR24. Most of the OsRR genes increased on treatment with BA and reduced up to different extents following the application of GR24 (Figure 8A), suggesting that the exogenous SL supply may act upon the CK-mediated bud activation pathway.
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FIGURE 8. Effect of GR or/and BA treatments on CK-related gene expression in axillary buds at node 2 at full heading stage. (A) Cytokinin-type-A RR genes expression, (B) five isopentenyl transferase genes expression, and (C) five cytokinin oxidase/dehydrogenase genes expression. The axillary bud at node 2 was treated for 12 h with or without BA (40 μM) or/and rac-GR (2 μM). The expression of each gene in the bud at node 2 is represented relative to Co-3. Total RNA was isolated from less than 0.1 g of buds and nodes each time. β-Actin was used as a reference gene. The value obtained from the control treatment at 0 h after treatment was arbitrarily set at 1.0. Quantitative real-time PCR was performed in triplicate (three biological replicates), and mean values with SD are shown.


To determine if the observed reduction of OsRR gene expression was directly due to CK biosynthesis or degradation, the expression of OsIPT and OsCKX genes was also observed in the bud on node 2 (Figures 8B,C). There was a significant reduction in the expression of OsIPT genes, which may be due to the feedback regulation of exogenous BA supply. With or without BA, the exogenous SLs and GR24 did not affect the expression of OsIPT genes. As expected, the transcription level of OsCKX genes was highly induced by GR treatment in the presence of BA (Figure 8C). The endogenous CK contents in the bud on node 2 were profoundly induced by BA and reversed by GR combined treatment (Supplementary Figure 5). Our result, here, supported the hypothesis that SLs inhibit bud growth by inducing CK degradation in rice, and the effectiveness of SL treatment depends on the local content of CK.




DISCUSSION


Nutrient Deficiency and rac-GR24 Supply Inhibited Rice Tiller at Tillering Stage

Our results for rice were consistent with substantial evidence that N and P deficiencies inhibit axillary buds to grow out in many species (Figure 1). The long-term inhibition of GR on tillering was not as significant as observed in LN and LP treatments (Figures 1A,B), which may be due to the unstable characteristics of rac-GR24 in water (Akiyama et al., 2010; Bromhead et al., 2015). The tiller bud growth had a quicker response to GR than to LN and LP (Figure 1C). The inhibited tiller phenotype under LN, LP, and GR conditions might be related to the OsFC1 increase in tiller buds (Figure 1D). The expression level of OsFC1 appeared to be under hormonal control, thus manipulating shoot branching (Minakuchi et al., 2010; Braun et al., 2012). Nutrient deficiencies elevated SL biosynthesis and exudation in roots, which is suggested to be one of the factors responsible for tiller suppression (Koltai et al., 2010; Kapulnik et al., 2011a,b; Ruyter-Spira et al., 2011). These reports were consistent with our finding that LN and LP can increase endogenous SL biosynthesis and signaling in both nodes and tiller buds. Together, exogenous SL supply and nutrient deficiency-induced endogenous SLs acted in the same manner in the inhibition of rice tiller bud growth.



Cytokinin Contents Show a Decreasing Response to Both Exogenous and Endogenous Strigolactones in Tiller Buds

Strigolactone exudation was enhanced by low P and low N concentrations (Yoneyama et al., 2007, 2012; Jamil et al., 2011a,b; Sun et al., 2014). By using nutrient deficiency and GR24 treatment, we were able to create increased levels of endogenous SLs and exogenous SLs, respectively (Figure 3). Here, we showed that LN, LP, and GR induced a decrease in the contents of all the four endogenous CKs only in the rice tiller buds when compared to that observed in the control treatment (Figure 2). CK content in buds can be well correlated with the outgrowth of. A direct application of endogenous CK to buds causes the activation of axillary buds (Pillay and Railton, 1983; Cline et al., 1997). Above all, we hypothesized that the decreased levels of CK concentrations in tiller buds, in case of nutrient deficiencies and GR24 treatment, might be the reason for the inhibition of bud formation.

Plenty of evidence suggested that SLs may affect the levels of CK. CK levels in root xylem sap decreased in both SL-deficient and response mutants in pea and Arabidopsis (Foo et al., 2007; Waldie et al., 2010). In D10-RNAi rice plants, the CK level in nodal tissues was increased and led to a longer growth of local buds than observed in the wild type (Zhang et al., 2010). All these findings suggest that the effect of SLs on CK levels is diverse in different tissues. Also, decreased CK content induced by SLs in buds was not caused by the delivery of lower CK amounts from tiller nodes to buds, as reported by Dun et al. (2012). So, it is not surprising that even CK content shows converse results between tiller buds and nodes (Figure 2). Based on a previous study, endogenous IAA could decrease the biosynthesis of CK (Nordström et al., 2004; Shimizu-Sato et al., 2009). The reduced level of IAA may likely be the reason that led the CK contents to an increment in roots and then transport to the tiller node after 12 h of treatment.



Endogenous Strigolactone and Exogenous rac-GR24 Promote the Cytokinin Degradation

The CK is recognized as an essential regulator of both the plant root system and shoot branching. Previous work suggested that exogenous GR24 promoted CK degradation in rice (Sun et al., 2014). Also, OsCKX9 was proved to be activated by SLs signaling, and thus promotes CK degradation in rice. In this study, the expression of OsIPT genes showed different transcription patterns in tiller nodes and tiller buds under LN and LP conditions at tillering stage. But GR does not change the biosynthesis pattern in both rice tiller nodes and tiller buds. Consistent with our hypothesis, CK biosynthesis was not affected by GR24 supply in pea plants (Dun et al., 2012). Five OsCKX genes were significantly induced by GR24 supply and even by LP in our results. However, GR treatment and nutrient deficiency displayed different effects on the expression levels of OsIPTs and OsCKXs (Figures 4, 5), suggesting the different modes of action response to these treatments. This is probably because the exogenous SLs may function only through SL signal transduction, but nutrient deficiency is linked to multiple signals including SL signaling.

Furthermore, we examined the effect of reduced endogenous SLs on the expression of OsCKX genes. As expected, HP and TIS decreased the expression of OsCKX genes in the tiller bud. These reports indicated that both endogenous and exogenous SLs may, somehow, regulate the expression of OsCKX genes in rice. Above all, these five increased/reduced OsCKX genes corresponded to local CK levels in rice tiller buds.



Strigolactones and Cytokinin Act Antagonistically on the Rice Buds Outgrowth

The supply of exogenous SLs and CK to the buds on node 2 at the full heading stage (Figure 7) showed that SLs and CK acted antagonistically on bud outgrowth. This was also confirmed in other species like pea and Arabidopsis (Braun et al., 2012; Dun et al., 2012), but never in rice. GR24 supply can suppress the increment of OsRR gene expression induced by BA. The type-A RR genes are the targets of CK signaling for primary transcription and rapid response (Brandstatter and Kieber, 1998; Imamura et al., 1998; D’Agostino et al., 2000; Jennifer et al., 2007). These findings suggested that the inhibition function of GR24 may be partly attributed to the impairment of CK downstream reaction.

We further explored the CK biosynthesis and degradation mechanisms with the BA and GR24 treatment (Figure 8). Consistent with the results we got at tillering stage, combined treatment of BA and GR24 induced an intermediate enhancement in the CK degradation, rather than exhibited by the CK biosynthesis change alone in buds on node 2. However, the application of GR24 alone to the buds did not change the expression of OsCKX genes in dormant buds, suggesting that local CK was required in the process of GR24 promoted expression of OsCKX genes.

Exogenous CK supply on buds directly induced the endogenous CK in buds and subsequently induced a negative feedback loop of CK biosynthesis, resulting in increased CK degradation. The combined GR24 supply showed an enhancement of CK degradation, but no changes were observed in CK biosynthesis. The expression pattern of OsCKX genes was partly different in response to BA and GR treatment. Together with the expression of the OsRR genes, we hypothesized that exogenous GR24 supply promoted the CK degradation partly by an independent pathway, and not just by promoting CK-induced CK degradation.



Interaction Between Strigolactones, Cytokinin, and Auxins in the Control of Shoot Branching

Tiller outgrowth in rice is the combined function of a number of contributing factors, including varying levels of different plant hormones in the growing buds. SLs and CKs were implicated in the regulation of bud outgrowth. In this paper, we hypothesized that the SLs act directly in bud to inhibit the axillary bud outgrowth by promoting the local CK degradation. However, CK can also act independently of PsBRC1, as in pea, CK can still promote branching even in psbrc1 mutants (Braun et al., 2012). The rice OsFC1 transcription factor, which was implicated in bud outgrowth, was upregulated by rac-GR24 and downregulated by BA in rice axillary buds in our previous work (Xu et al., 2015). As described in the second-messenger model, SLs can regulate the expression level of OsFC1 directly via the SL signaling pathway. Alternatively, SLs could also affect the OsFC1 transcription level through CK signaling pathway by promoting the degradation of CK in the bud. Besides, CK can also act independently of PsBRC1 (OsFC1 in rice), as in pea, CK can still promote bud outgrowth even in brc1 mutants (Braun et al., 2012). It was reported that the change in the local CK level in the bud always preceded the auxin efflux from the bud (Shimizu-Sato et al., 2008), which supports the notion that auxin transport is important for continued bud growth after bud release (Hayward et al., 2009; Prusinkiewicz et al., 2009; Crawford et al., 2010).
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Despite its central role in the control of plant architecture, strigolactone has been recognized as a phytohormone only 15 years ago. Together with auxin, it regulates shoot branching in response to genetically encoded programs, as well as environmental cues. A central determinant of shoot architecture is apical dominance, i.e., the tendency of the main shoot apex to inhibit the outgrowth of axillary buds. Hence, the execution of apical dominance requires long-distance communication between the shoot apex and all axillary meristems. While the role of strigolactone and auxin in apical dominance appears to be conserved among flowering plants, the mechanisms involved in bud activation may be more divergent, and include not only hormonal pathways but also sugar signaling. Here, we discuss how spatial aspects of SL biosynthesis, transport, and sensing may relate to apical dominance, and we consider the mechanisms acting locally in axillary buds during dormancy and bud activation.

Keywords: strigolactone, auxin, cytokinin, abscisic acid, branching, apical dominance, dormancy, BRANCHED1


INTRODUCTION

Its central role in the regulation of shoot architecture is arguably the most conspicuous function of the phytohormone strigolactone (SL; Domagalska and Leyser, 2011; Barbier et al., 2019). Indeed, most of the information about SL biosynthesis and SL sensing comes from bushy mutants identified in forward genetic screens in thale cress (Arabidopsis thaliana), rice (Oryza sativa), petunia (Petunia hybrida), and pea (Pisum sativum) (reviewed in Al-Babili and Bouwmeester, 2015; Yoneyama and Brewer, 2021). Plant architecture is to a large degree defined by branching patterns, that is the number, position, and size of lateral branches. The extent of branching is controlled by the activity of the main shoot apex, which inhibits the outgrowth of axillary buds along the stem. Axillary meristems are initiated in all leaf axils (Wang et al., 2016b); however, they usually only initiate a few leaf primordia and then become dormant, until they are activated to grow out either in response to endogenous/exogenous developmental signals, or as a consequence of removal (or inactivation) of the main shoot apex. This phenomenon is known as apical dominance (AD; Phillips, 1975).

The central feature of AD is systemic correlative inhibition of bud outgrowth, which is under the control of auxin and SL, involving a mechanism known as auxin canalization (Crawford et al., 2010; Shinohara et al., 2013; Zhang et al., 2020). On the other hand, inducing signals such as cytokinin and sugars are involved in the activation of axillary buds (Domagalska and Leyser, 2011; Rameau et al., 2015; Barbier et al., 2019). While several excellent reviews discuss the function of SL in AD (Domagalska and Leyser, 2011; Rameau et al., 2015; Barbier et al., 2019), we focus here more on spatial aspects of SL biosynthesis and sensing, and on local downstream events in the buds required to inhibit bud outgrowth, and to trigger bud activation, respectively. Furthermore, we discuss parallels in meristem dormancy in annual versus perennial plants.



SELECTIVE ADVANTAGE OF BRANCHING AND APICAL DOMINANCE

Plants with just a single shoot meristem suffer extinction if the meristem is damaged. For example, a palm tree infested with the red palm weevil (Rhynchophorus ferrugineus) cannot recover after its meristem has been consumed by the larvae (Al-Dosary et al., 2016). This can result in serious damage in infested date palm plantations (El-Sabea et al., 2009). Hence, having extra axillary meristems and multiple branches, as in most dicots, is an important selective advantage. However, shoot branching has to be kept in check to avoid shoot overgrowth and a relative depletion of root biomass (low root:shoot ratio), which would interfere with overall plant fitness. Plants have characteristic root:shoot ratios that are species-specific and genetically determined (Wilson, 1988), but root:shoot ratio can also change in response to environmental factors, such as light, nutrient status, and altitude (Körner and Renhardt, 1987; Shipley and Meziane, 2002).

These considerations highlight the importance of regulation of axillary bud outgrowth. AD contributes to focus the resources of the plant to one (or few) growth points, and eventually, to a limited number of fruits and seeds. Hence, plant fitness and reproductive success are tightly linked with the degree of AD (Aarssen, 1995; Lennartsson et al., 2018). However, the relationship is not simple, since removal of apical buds (experimental or by animal grazing) can either reduce reproductive success, because less fruits can be produced, or it leads to increased reproductive success due to the release of multiple axillary branches with inflorescences, which over-compensate the loss of flowers at the original apex (Aarssen, 1995). These findings raise interesting questions concerning the adaptive mechanisms that may have shaped the evolution of AD and the control of bud outgrowth, in particular in the context of its plasticity towards environmental and developmental factors (e.g., light, mineral nutrients, damage, developmental stage, etc.; Aarssen, 1995). In this context, it is interesting to note that some taxa have integrated the loss-of-apical meristem activity in their developmental programs during the evolution of sympodial branching patterns (Danert, 1958; Schmitz and Theres, 1999; Reinhardt and Kuhlemeier, 2002). Sympodial branching involves the programmed arrest of the apical meristem (often with the production of a terminal flower) and the outgrowth of axillary (lateral) meristems which have a defined life-span before they terminate themselves in a reiterative “stop-and-go” fashion. This sympodial branching pattern is characteristic for the inflorescences of the Solanaceae (Danert, 1958; Schmitz and Theres, 1999; Reinhardt and Kuhlemeier, 2002).

As a general rule, high AD is advantageous in densely populated environments, in which plants compete for nutrients and/or light, whereas harsh conditions (e.g., cold, heat, UV radiation, and strong wind) with scarce vegetation favor bushy shoots with low AD, as for example in alpine environments (Körner, 2003). Considering agricultural crops, strong AD is a favored trait in panicoid cereal crops (e.g., maize and millet), since it tends to increase yield per surface area of cultivated soil, and because simpler shoot architecture facilitates harvest (Doust, 2007). Maize is a prominent example which has been bred from bushy ancestors (the Mexican wild maize teosinte) to plants with a single main shoot axis (Yang et al., 2019). In some high-value vegetable and ornamental crops, e.g., tomato, cucumber, and Chrysanthemum, breeding for desired strong AD has not been achieved yet. Hence, their axillary branches have to be manually pruned (Navarrete and Jeannequin, 2000; Xi et al., 2015; Shen et al., 2019), because they would represent sinks that consume resources and cause yield losses. In contrast, low apical dominance (i.e., high branching) is a favored trait in pooid cereal crops, such as wheat, barley, and oat, in which intense tillering increases yield (Doust, 2007). In addition, crops that were bred for simultaneous fruit ripening, e.g., soybean (Tian et al., 2010) and cotton (McGarry et al., 2016), show decreased indeterminacy of the main shoot, usually associated with increased branching.

In many plant species, AD is more pronounced during vegetative development, while the onset of flowering coincides with a stimulation of bud outgrowth and increased branching (Hempel and Feldman, 1994; Beveridge et al., 2003; McSteen and Leyser, 2005; Rameau et al., 2015). An example for such a strategy is Arabidopsis, which does not branch during vegetative development, and which initiates a single main inflorescence at the time of bolting (Figure 1A). During the generative phase, several axillary/caulinary branches grow out (Hempel and Feldman, 1994; McSteen and Leyser, 2005), but always much fewer than there are axillary buds. An example of a plant with low AD is the alpine species Silene acaulis, which is adapted to harsh climate with strong winds and abundant snow fall (Figure 1B). Mutants with defective AD are highly branched and dwarfed (Beveridge et al., 2003; Snowden and Napoli, 2003; Domagalska and Leyser, 2011; Rameau et al., 2015), in case of petunia to the extent that flowering is delayed (Napoli, 1996; Figures 1C,D), conceivably as a result of resource diversion from the apical inflorescence meristem to the actively growing lateral branches.
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FIGURE 1. Apical dominance. (A) Apical dominance in the pioneer plant Arabidopsis thaliana at the onset of flowering. (B) The alpine plant Silene acaulis exhibits very low apical dominance. It exhibits a profusely branched shoot, in which no main shoot can be distinguished. (C,D) The model plant for apical dominance Petunia hybrida V26, and the isogenic mutant decreased apical dominance1 (dad1). The pleiotropic phenotype includes short stature, high branching, and late flowering (C,D, with permission from Napoli, 1996).




A CENTRAL ROLE FOR SL IN APICAL DOMINANCE

A wealth of classical literature documents a central role for polar auxin transport (PAT) in AD and in the regulation of axillary bud outgrowth (Cline, 1991; Leyser, 2005; McSteen and Leyser, 2005). Auxin from apical tissues (in particular young leaves) is transported downward (basipetally) via PAT in xylem parenchyma cells, inhibiting bud outgrowth on the way through the stem, however, without entering the buds (Domagalska and Leyser, 2011). A well-founded theory of AD posits that PAT in the stem promotes AD by interfering with auxin canalization and export from the buds (Domagalska and Leyser, 2011). How the lack of auxin canalization is mechanistically related to growth arrest in the bud is not clear, but it may have to do with limited supply of signals and/or resources that would promote meristem activity in the bud. Alternatively, it may impinge on the cell cycle in order to attenuate meristem activity in the bud (Müller and Leyser, 2011). The identification of SL as a second inhibitory element in AD (Gomez-Roldan et al., 2008; Umehara et al., 2008) has raised the question how SL is linked with auxin action. The fact that mutants in either auxin or SL biology have strong defects in AD shows that the effects of the two phytohormones are not redundant. The currently available hypotheses for the action of SL are that it either inhibits auxin canalization from axillary buds to the main stem (by interfering with PAT), or that it directly inhibits bud outgrowth (Domagalska and Leyser, 2011). These hypotheses are not mutually exclusive, and several lines of evidence suggest that they are both valid (see below). Forward genetic screens in Arabidopsis, rice, pea, and petunia for mutants affected in shoot branching have led to the discovery of numerous genes encoding components of SL biosynthesis and signaling (reviewed in Al-Babili and Bouwmeester, 2015; Yoneyama and Brewer, 2021), and missing links in SL biosynthesis and sensing continue to be discovered (Wakabayashi et al., 2021). Taken together, these efforts document the prominent role of SL in apical dominance. The parallel work in these four model species showed how conserved SL biosynthesis and signaling is among flowering plants, and, on the other hand, revealed subtle species-specific differences. Importantly, the parallel approaches allowed to identify signaling elements that are genetically redundant in some of the species, and, therefore, evaded identification in forward mutant screens, as for example the duplicated MAX2 gene in petunia (Drummond et al., 2012), or the redundant SMAXL6, SMAXL7, and SMAXL8 in Arabidopsis (Soundappan et al., 2015). Additional evidence for the role of SL in branching came from crop species such as tomato and potato (Vogel et al., 2010; Pasare et al., 2013). Taken together, these findings substantiate the central and conserved role of SL in the regulation of shoot branching.



SL TRANSPORT WITHIN THE PLANT: IDENTIFYING SOURCES AND TARGETS OF SL BY GRAFTING

The action of auxin in AD is non-cell autonomous, since it is transported throughout the plant and acts on the buds indirectly (Domagalska and Leyser, 2011). Similarly, SL acts in a systemic fashion and can be transported over long distances in the plant (Mashiguchi et al., 2021). Compelling evidence for spatially separated sites of SL biosynthesis and action comes from grafting experiments with mutants that are defective in SL biosynthesis or sensing (Figure 2). Shoot-to-root grafting in Arabidopsis, petunia, and pea revealed that a wild-type root stock can establish normal AD in an SL-deficient mutant scion, indicative of acropetal SL transport from the root to the shoot (Beveridge, 2000; Booker et al., 2005; Dun et al., 2009; Waldie et al., 2014). Even a relatively small inter-graft between a mutant stock and a mutant scion was sufficient to restore AD to the mutant scion (Napoli, 1996; Simons et al., 2007; Hepworth, 2012) but not to the mutant stock, showing that SL transport is strictly unidirectional (Figures 2A,B; Foo et al., 2001; Simons et al., 2007). Although SL can be transported over long distances (from the root to the shoot), it is not clear whether this transport is required for AD. Wild-type scions grafted on SL-defective mutant stocks grow normally, showing that for AD, SL production in the shoot can be sufficient, at least in such grafts, implying that SL transport from the root may not be necessary for normal AD.
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FIGURE 2. SL transport in the plant. (A,B) Grafting experiments have proven acropetal SL transport in the shoot. A small wild-type stem segment (wt) complements the dad1 phenotype in the scion (top), while the dad1 stock exhibits the non-complemented high branching phenotype (bottom); thus, only upward SL transport occurred. The scheme in (B) represents the organization of the grafted plant in (A). (C,D) Expression pattern of the cellular SL transporter pPhPDR1::GUS in the shoot of P. hybrida. Note highest expression just below the axillary buds, while the buds themselves [arrowhead in (D)] show no expression [modified with permission from Simons et al., 2007 (A,B) and Kretzschmar et al., 2012 (C,D)].


The fact that SL can be transported acropetally raises the question concerning the transport route. Root-to-shoot transport could proceed by mass flow with the transpiration stream in the xylem, or by cellular transport, as in the case of PAT (Petrasek and Friml, 2009; but in the reverse direction). Support for a xylem route of SL transport came from the detection of SL in xylem sap of Arabidopsis and tomato (Kohlen et al., 2011); however, these findings were not confirmed by subsequent work on various plant species, including Arabidopsis and tomato (Xie et al., 2015; see also below).

An alternative route of SL translocation is cell-to-cell transport in a way analogous to PAT (Borghi et al., 2016). Indeed, the first cellular SL transporter identified in P. hybrida (PDR1), an ABC transporter of the G-type subfamily, was shown to functionally contribute both to mycorrhizal symbiosis (by targeted secretion from the root), and to AD in the shoot (Kretzschmar et al., 2012). PDR1 is expressed in root and stem tissues (Kretzschmar et al., 2012), with highest levels at the nodes, next to the axillary buds (Figures 2C,D). PDR1 protein is localized to the plasma membrane, and, based on its expression pattern and loss-of-function mutant phenotype, is likely to function as an SL exporter (Kretzschmar et al., 2012). Pdr1 mutants exhibit premature bud outgrowth (Kretzschmar et al., 2012), indicating that SL transport to the buds contributes significantly to AD. However, long-distance transport of SL appears to be independent of PDR1 (Shiratake et al., 2019); thus, the mechanism of SL translocation from the root to the shoot remains unclear (Wheeldon and Bennett, 2021).



SPATIAL REGULATION OF SL-BIOSYNTHETIC GENES

Powerful tools to identify the sites of action of genes are promoter::reporter constructs (Jefferson et al., 1987; Chalfie et al., 1994) that show gene expression patterns with great spatial resolution. While fluorescent proteins are often the marker of choice because they allow identification in undisturbed live tissues with cellular resolution, they have the disadvantage that the optical permeability of live plant tissues is often limited, and, in addition, autofluorescence of many plant components (cell walls, secondary metabolites in vacuoles, etc.) considerably hampers their analysis. A widely used alternative is the use of enzymatic reporters such as the beta-glucuronidase gene (UidA), also known as the GUS gene, which generates (from the substrate X-gluc) a blue insoluble deposit (5,5′-dibrom-4,4′-dichlor-indigo), which is stable enough to allow for complete tissue clearing and embedding in paraffin or resin for sectioning. Importantly, cleared plant tissues have no blue background color, thus eliminating problems with endogenous background staining (Figures 2C,D).

Promoter::GUS analysis with the major SL-biosynthetic genes in Arabidopsis revealed that several of them are active in the vasculature (besides other sites of expression), and some of them (MAX3, MAX1; LBO) are expressed almost exclusively along vascular strands (Figure 3; Booker et al., 2005; Liang et al., 2011; Brewer et al., 2016). The expression of SL-biosynthetic genes along the vasculature was also found in rice for D27 (Lin et al., 2009) and CCD7 (Zou et al., 2006). Hence, it can be assumed that SL, or an SL precursor such as carlactone (Alder et al., 2012), is produced along the vascular system. Although all SL-biosynthetic genes are expressed mainly in the root, they also show expression in aerials tissues, in particular the stem, in Arabidopsis (Figure 3), as well as in other species (Zou et al., 2006; Drummond et al., 2009; Dun et al., 2009; Lin et al., 2009; Vogel et al., 2010; Pasare et al., 2013). This provides a plausible explanation for the fact that in Arabidopsis, petunia, and pea, wild-type scions grafted onto SL-defective mutant stocks are self-sufficient for SL production (Beveridge et al., 1994, 1996, 1997; Napoli, 1996; Morris et al., 2001; Turnbull et al., 2002; Sorefan et al., 2003; Booker et al., 2005; Simons et al., 2007; Drummond et al., 2009).
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FIGURE 3. Expression pattern of SL-biosynthetic genes in Arabidopsis. (A) Biosynthetic pathway of strigolactone comprising the activity of the isomerase D27, the carotenoid cleavage dioxygenases CCD7 and CCD8, CYP711A, the oxidoreductase LBO, and the SABATH methyltransferase. (B–F) Expression pattern of Arabidopsis SL-biosynthetic genes such as D27 (B), CCD7/MAX3 (C), CCD8/MAX4 (D), CYP711A1/MAX1 (E), and LBO (F), as indicated, revealed by promoter::GUS analysis. Note prominent expression in the vasculature of MAX3, MAX1, and LBO [C,E,F; modified with permission from Yoneyama and Brewer, 2021 (A); Abuauf et al., 2018 (B); Liang et al., 2011 (C); Sorefan et al., 2003 (D); Booker et al., 2005 (E), and Brewer et al., 2016 (F)].


The vicinity of SL-biosynthetic gene expression to the xylem strands could explain why SL can be detected in the transpiration stream (Kohlen et al., 2011). SL produced along the vasculature could be loaded to the xylem by cellular transporters or by diffusive release from biosynthetic cells. It would then be continuously translocated to the shoot with the transpiration stream, even at low concentrations. While acropetal SL transport may not be essential for AD (see grafting experiments discussed above), SL transport through the xylem could represent a significant contribution to SL function in other aspects of shoot development, e.g., for the regulation of leaf senescence (Ueda and Kusaba, 2015).



NUTRITIONAL CONTROL OF SHOOT BRANCHING IMPINGES ON THE SL PATHWAY

In addition to the above-mentioned factors that influence AD, nutrients influence shoot architecture, since well-fertilized plants tend to branch more than nutritionally starved plants (Cline, 1991; Czarnecki et al., 2013; Wang et al., 2019; Hou et al., 2021). This effect can be explained, at least partially, by the fact that nutrients, in particular nitrogen (N) and phosphorus (P), impinge on the auxin- and SL-related mechanisms involved in AD (Sakakibara et al., 2006; Yoneyama and Brewer, 2021; Marro et al., 2022). High N status not only promotes branching, an effect that requires auxin and SL signaling (De Jong et al., 2014), but also involves the activation of cytokinin biosynthesis (Takei et al., 2002; Sakakibara et al., 2006; Xu et al., 2015). High P status represses SL-biosynthetic genes, consistent with the observation that SL secretion from the root system is repressed by P fertilization (Yoneyama et al., 2007a,b; Kohlen et al., 2011). P-replenished plants exhibit increased branching (Czarnecki et al., 2013; Wang et al., 2019), conceivably as a result of reduced SL biosynthesis (Umehara et al., 2010; Abuauf et al., 2018; Yoneyama and Brewer, 2021). In P-starved plants, SL biosynthesis is induced (Yoneyama and Brewer, 2021), presumably resulting in acropetal SL transport into the buds. Under these conditions, xylem transport of SL could become relevant (Kohlen et al., 2011), in particular since SL-biosynthetic genes are expressed along the vasculature (Figure 3). However, the role of the xylem in acropetal SL transport is a matter of debate (Xie et al., 2015), and the broad expression pattern of SL-biosynthetic genes throughout the shoot suggests that acropetal SL transport may not be necessary for apical dominance (see above).



SITES OF SL SENSING AND CONSEQUENCES FOR AD

Interestingly, several SL-sensing genes (D14, MAX2, SMAXL6, SMAXL7, and SMAXL8) share the expression pattern along the vascular strands with SL-biosynthetic genes (Figure 4; Gao et al., 2004; Shen et al., 2007; Stirnberg et al., 2007; Chevalier et al., 2014; Soundappan et al., 2015; Song et al., 2022). In general, the identity of the cells that express SL-sensing genes along the vasculature is uncertain; however, for the SL receptor D14, expression was attributed to the phloem in Arabidopsis roots (Chevalier et al., 2014), and in the axillary buds of rice (Kameoka et al., 2016), suggesting that SL perception may be possible in these tissues. An association of SL-sensing genes with the vasculature is striking given the function of SL as inhibitor of PAT, which is located to the xylem parenchyma cells (Petrasek and Friml, 2009). Hence, SL perception in these cells would allow for a direct regulation of PAT in these cells. It will be important to identify the sites of SL sensing in more detail, with refined promoter::reporter studies, and with complementation experiments, in which SL-sensing genes are expressed in the respective mutant background under the control of cell-specific promoters. Further insight into SL sensing will come from fluorescent SL reporters, which allow to identify sites of high SL levels in living plant tissues with cellular resolution (Song et al., 2022).
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FIGURE 4. Expression pattern of SL-sensing genes in Arabidopsis. (A) Schematic representation of the elements involved in SL perception and signal transduction, including the SL receptor D14, the ubiquitin conjugating enzyme complex SCFMAX2 containing the F-box protein MAX2, and the redundantly acting transcriptional repressors SMAXL6, SMAXL7, and SMAXL8, which regulate the expression of target genes such as BRC1. (B–E) Expression pattern of the SL perception and signaling genes D14 (B), MAX2 (C,D), and D53/SMAXL7 (E), as indicated, revealed by promoter::GUS analysis. Note highest expression in vascular strands as revealed in whole-mount preparations (B,D,E), and in a transverse section of the stem [C; modified with permission from Wang et al., 2020 (A); Chevalier et al., 2014 (B); Stirnberg et al., 2007 (C); Shen et al., 2007 (D); and Soundappan et al., 2015 (E)].


A powerful tool to assign biological function to precisely defined cell populations is clonal analysis, in which the fate of genetically distinct cell lineages is followed in chimeras (Buckingham and Meilhac, 2011), a technique that has been pioneered in plants (Poethig, 1987). Clonal analysis has shown that SL perception in axillary buds acts locally (Stirnberg et al., 2007). Introduction of a mutation in the MAX2 gene encoding the F-BOX protein component of the SL-sensing machinery, comprising a sector with a single axillary bud, is sufficient to release its meristem from AD (Figures 5A,B). The fact that the surrounding wild-type tissues were not able to functionally complement the max2 defect in the axillary bud (Stirnberg et al., 2007) shows that SL perception acts locally to inhibit bud outgrowth. However, SL perception and sensing may not be entirely cell autonomous, since D14 was shown to be mobile over several cell diameters from the meristem base to the stem cells of axillary buds in rice (Kameoka et al., 2016), and was even graft-transmissible in pea (Beveridge et al., 1996). Furthermore, D14 protein was detected in phloem sap by proteomic analysis (Aki et al., 2008; Batailler et al., 2012), and by microscopic analysis of GFP-tagged D14 protein (Kameoka et al., 2016). Taken together, these results indicate that D14 protein is transported from cell to cell and by phloem transport (Chevalier et al., 2014; Kameoka et al., 2016; Barbier et al., 2019). This may allow D14 to function in the meristem proper of the axillary buds, in which the D14 promoter is not expressed (Kameoka et al., 2016).
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FIGURE 5. Local action of SL through MAX2 and BRC1 in leaf axillary meristems. (A,B) Clonal analysis with max2 mutant sectors reveals local function of MAX2 in axillary buds. A sector marked by chlorophyll deficiency (yellowish leaves) comprised a single axillary bud that grew out to produce numerous leaves (arrowheads), that are identified as a max2 mutant sector by the cosegregating genetic defect in chlorophyll biosynthesis (A). A wild-type control plant of the same age does not show bud outgrowth, nor yellowish leaves (B). (C) Expression analysis of BRC1 by in situ hybridization reveals expression in axillary meristems (am), but not in floral meristems (fm) at the shoot apex, cl, cauline leaf; rl, rosette leaf. Modified with permission from Stirnberg et al., 2007 (A,B), and Aguilar-Martinez et al., 2007 (C).




WHICH PATHWAYS ACT DOWNSTREAM OF SL TO PREVENT BUD OUTGROWTH?

While it is clear that auxin and SL impose dormancy on axillary buds, it is less clear how exactly growth and organogenesis is inhibited in the axillary meristems. Is the cell cycle attenuated? Are the meristems metabolically starved? Or is there an additional inhibitory principle involved? The auxin canalization model, including SL as a major player, can explain many aspects of correlative inhibition between the shoot tip and axillary buds, but how does it interfere––locally––with growth of the buds? On the other hand, the direct signaling model posits that SL prevents axillary growth through the inhibitory transcription factor BRANCHED1 (BRC1) in Arabidopsis (Aguilar-Martinez et al., 2007). BRC1 is functionally conserved in monocots and dicots (Aguilar-Martinez et al., 2007; Brewer et al., 2009; Finlayson et al., 2010). Interestingly, gain-of-function alleles of the BRC1 orthologue in maize, Teosinte branched1 (Tb1), have been selected for during domestication of modern maize for low branching (Dong et al., 2019a).

BRC1 is expressed at high levels in dormant buds (Figure 5C), and brc1 mutants exhibit excessive branching, consistent with a role of BRC1 in AD (Aguilar-Martinez et al., 2007). SL can activate BRC1 expression (Wang et al., 2019, 2020; Kerr et al., 2020, 2021), indicating that SL could act directly in the buds to inhibit bud outgrowth. Although BRC1 is probably not the only inhibitor of bud outgrowth (Seale et al., 2017), it is a conserved central player in Arabidopsis, pea, tomato, and maize (Martin-Trillo et al., 2011; Braun et al., 2012). Interestingly, TB1 homologues in cereals have functionally diversified to control ear architecture in crop-specific ways (Dong et al., 2019a). This is likely to reflect the particular development of reproductive structures in cereals (ears, tassels; Dong et al., 2019a), which represent highly branched generative shoot axes (Wang et al., 2021).

As a TCP-type transcription factor, BRC1 can be expected to act through activation (or repression) of downstream genes, which could provide a hint regarding the action mechanisms in AD. BRC1 itself is under transcriptional control by SL through the action of the transcription factors SMAXL6, SMAXL7, and SMAXL8, which promote bud outgrowth through inhibition of BRC1 expression (Figure 4A; Soundappan et al., 2015; Wang et al., 2020). BRC1 directly activates several homeobox proteins to mediate bud dormancy in Arabidopsis (Gonzalez-Grandio et al., 2017), and an orthologous transcriptional mechanism involving TB1 and GT1 controls branching in maize (Dong et al., 2019a). Hence, genetic evidence indicates that the molecular mechanism controlling bud dormancy may be conserved between monocots and dicots. How does the BRC1/TB1 nexus regulate branching? RNAseq and CHIPseq analysis in Arabidopsis showed that BRC1, in concert with several homeobox proteins, activates abscisic acid (ABA) biosynthesis by NCED3 in axillary buds (Gonzalez-Grandio et al., 2017). Similarly, TB1 acts through ABA to inhibit axillary buds in maize (Dong et al., 2019b). This includes activation of ABA biosynthetic genes in axillary buds during dormancy (Luo et al., 2019).

Interestingly, bud dormancy during the resting period (e.g., winter) in perennial plants such as poplar also involves ABA (Pan et al., 2021). The finding that BRC1 acts through ABA in axillary buds may explain the overlap between max2 phenotypes and ABA signaling in drought resistance (Bu et al., 2014) and in the resistance against bacterial pathogens (Piisilä et al., 2015). On the other hand, it is consistent with reports that have shown a role for ABA in the inhibition of axillary branching in Arabidopsis and maize (Cline and Oh, 2006; Yao and Finlayson, 2015; Cao et al., 2020). One might ask why then no ABA-related mutants were identified in screens for increased branching? ABA has numerous roles in plant development from seed dormancy to regulation of leaf transpiration and stress responses; therefore, ABA-deficient and ABA-insensitive mutants have rather pleiotropic phenotypes (Nambara and Marion-Poll, 2005; Cutler et al., 2010), which could potentially mask quantitative branching phenotypes. Nevertheless, ABA biosynthetic mutants such as nced3 and aba2 showed branching phenotypes in the context of phytochrome-dependent regulation of shoot branching (Reddy et al., 2013), a phenomenon that involves the canonical BRC1-dependent pathway (Gonzalez-Grandio et al., 2013).



HOW ARE BUDS TRIGGERED TO GROW OUT WHEN THEY ARE RELEASED FROM DORMANCY?

Given the fact that bud dormancy is mediated by auxin and SL, it could be assumed that the activation of bud outgrowth (in response to environmental cues or after decapitation) may require simply the release from this inhibitory mechanism. Indeed, the highly branched mutant phenotypes of auxin-insensitive (Stirnberg et al., 1999) and SL-deficient (Beveridge et al., 2003; Domagalska and Leyser, 2011; Rameau et al., 2015) mutants show that the inactivation of auxin- and SL-mediated AD is sufficient to promote bud outgrowth. However, does this also apply to the rapid events triggered by decapitation? Several lines of evidence suggest that activation of dormant buds involves additional mechanisms independent of auxin and SL.

Cytokinin has long been known to promote growth of axillary branches in various plant species (Sachs and Thimann, 1967; Chatfield et al., 2000; Tanaka et al., 2006; Ferguson and Beveridge, 2009; Dun et al., 2012; Chen et al., 2013; Young et al., 2014), suggesting that it may contribute to bud activation following decapitation (Shimizu-Sato et al., 2009), or in response to favorable light conditions (Roman et al., 2016). Cytokinin biosynthesis is inhibited by auxin (Tanaka et al., 2006), while SL induces a CK-degrading oxidase (Duan et al., 2019), conversely, decapitation leads to the induction of CK biosynthetic genes and increased CK levels in the vicinity of the buds (Tanaka et al., 2006), consistent with a role of CK in bud activation (Shimizu-Sato et al., 2009; Müller et al., 2015).

However, CK may not be the first, and not the only element in bud activation. In pea, one of the first signs of bud activation can be observed after just a few hours from decapitation, long before changes in auxin transport and canalization can be expected to result in the release of buds, and before CK can have accumulated to induce bud outgrowth (Mason et al., 2014). This argues for the involvement of a rapid activating principle in bud activation. This signal has been assigned to sucrose and trehalose-6-phosphate (T6P), whose levels increase rapidly after decapitation (Fichtner et al., 2017, 2021; Barbier et al., 2019). In agreement with such a scenario, elegant recent work with cell-specific genetic manipulation of phloem transport (Paterlini et al., 2021) and sugar supply (Fichtner et al., 2021) indicated that sugars may indeed contribute to axillary bud activation in Arabidopsis. Since BRC1 expression is repressed by sugars (Mason et al., 2014; Barbier et al., 2015; Otori et al., 2019; Patil et al., 2022), a plausible model is that sugars contribute to bud outgrowth by attenuating BRC1-dependent dormancy (Wang et al., 2019). The role of sugars in bud activation is likely to represent a signaling function, since non-metabolizable sugars can mimic the effects of sucrose and T6P (Rabot et al., 2012; Barbier et al., 2015, 2021).

A connection between sugar activation and SL signaling has been revealed in rice, where sucrose interferes with SL signaling by repressing a component in SL perception (D3) and destabilizing the SL receptor D14, whereas their target D53, a promoter of bud outgrowth, is stabilized by sucrose, ultimately resulting in reduced expression of BRC1/TB1 (Patil et al., 2022). Similar effects were found in pea (Bertheloot et al., 2020; Patil et al., 2022), suggesting that the antagonistic action of sugars against SL signaling may be conserved in angiosperms. Ultimately, the release from BRC1/TB1, together with the induction of cytokinin levels (Müller and Leyser, 2011), results in the activation of the cell cycle and of basic cell metabolism (incl. protein synthesis and primary metabolism; Devitt and Stafstrom, 1995; Gonzalez-Grandio et al., 2013; Luo et al., 2019; Dong et al., 2019b), which are required to promote outgrowth and organogenesis in the axillary meristems (Müller and Leyser, 2011).

Is there a conflict between the models of bud inhibition (auxin canalization vs. direct SL-dependent inhibition), or between the mechanisms assumed to mediate bud activation (onset of local auxin canalization in the bud vs. sugar activation)? These alternative mechanisms are not necessarily mutually exclusive. The collective evidence shows that SL can promote AD both, locally in the buds (through BRC1), and systemically, by modulating auxin canalization (Figure 6). Similarly, bud activation could independently involve both sugar activation and the onset of auxin canalization and cytokinin accumulation in the bud (Figure 6). The relative importance, and the dynamics, of these processes may differ between plant species, to the extent that one or the other could become the dominating mechanism. It is plausible that in the rapidly responsive buds of decapitated pea, the first events are changes in sugar levels, while in Arabidopsis, this effect is less obvious. It is also possible that the sequence of events triggered by decapitation differs from the mechanisms involved in the slower bud activation conditions associated with developmental or nutritional changes (e.g., flowering or high P status).

[image: Figure 6]

FIGURE 6. Model for the interactions of SL with other components in apical dominance. (A) An axillary bud under the influence of apical dominance with active polar auxin transport stream in the stem, which inhibits cytokinin (C) biosynthesis, and stimulates strigolactone (S) production. Strigolactone enters the buds via PDR1 transport (represented by a blue PDR1-expressing square). Strigolactone inhibits auxin canalization from the bud, and stimulates BRC1 gene expression. BRC1 activates the ABA dormancy program, resulting in growth arrest. The stimulatory effect of nitrogen (N) on cytokinin biosynthesis and the inhibition of strigolactone biosynthetic genes by phosphorus (P) are indicated, although they are at a steady-state intermediate level and do not influence bud activity. Relative signaling strength is represented by font size and thickness of the arrows. (B) Situation as in (A) depicting changes upon decapitation of the main shoot apex. Sugars (CHO) rapidly enter the bud, where they interfere with strigolactone sensing, and rapidly stimulate growth. Polar auxin transport in the stem is weak, reducing strigolactone biosynthesis and releasing the inhibition of cytokinin biosynthesis in the stem. Lower strigolactone levels allow canalization of auxin from the bud, while increased cytokinin levels further stimulate bud outgrowth by reducing BRC expression. Relative signaling strength is represented by font size and thickness of the arrows.




COMPETITION AMONG BUDS KICKS IN VIA AUXIN- AND SL-MEDIATED CORRELATIVE INHIBITION

Once a shoot is decapitated, numerous axillary meristems could potentially grow out. Even if not all of them are activated at the same time and with the same dynamics (depending, e.g., on their distance from the shoot tip), still several axillary buds may simultaneously be activated to grow. Hence, decapitation could potentially lead to bushy shoot phenotypes as in mutants with decreased AD (max, dad, rms, and dwarf). However, this is normally not the case, because the remaining buds are in mutual competition (Crawford et al., 2010; Shinohara et al., 2013; Balla et al., 2016; Paterlini et al., 2021), and often, one bud rapidly outcompetes all the others. Therefore, soon after decapitation, AD is reestablished resulting in a single new main shoot. It is plausible that this phenomenon is due to the rapid re-activation of correlative inhibition among the buds as a result of dominating auxin canalization in the new main shoot (Crawford et al., 2010; Shinohara et al., 2013; Balla et al., 2016; Paterlini et al., 2021). Hence, the SL-modulated auxin-based competition mechanism in AD is not only required to maintain axillary meristems in a silent state during normal development but also to quickly re-establish branching hierarchy after a disturbance (Domagalska and Leyser, 2011).



ACTIVATION OF THE CELL CYCLE AND ESTABLISHMENT OF A SYMPLASTIC CONDUIT FOR RESOURCE SUPPLY: A PARADIGM FOR THE EVOLUTIONARY ORIGIN OF BUD ACTIVATION MECHANISMS?

Bud dormancy is a common phenomenon in perennial plants that have to cope with periods of harsh environmental conditions (e.g., cold winters; Rohde and Bhalerao, 2007). Dormancy and bud induction have been studied particularly well in birch, hybrid aspen, and various fruit trees (Arora et al., 2003). The notion that, in annual plants, the activation of axillary buds upon decapitation involves inductive signals in addition to the release from AD, is paralleled by studies on bud activation in perennials (Rohde and Bhalerao, 2007). After a dormant phase during winter, such plants activate their meristems (including the most apical dormant buds) in spring (Arora et al., 2003). Although not directly comparable, the hypothesis that bud activation in annual plants, and the induction of the winter buds in perennials, may share common elements of regulation, has received substantial support (Rohde and Bhalerao, 2007).

The meristems of perennials in an inactive state during the winter period are comparable to silent axillary buds of annuals with strong AD. In both cases, the cell cycle is nearly arrested, and symplastic connectivity appears to be reduced, involving the accumulation of callose in the phloem and in plasmodesmata (Tylewicz et al., 2018). Notably, similar regulatory circuits are involved in bud dormancy of annuals and perennials, including ABA and BRC1 (Liu and Sherif, 2019; Maurya et al., 2020; Azeez et al., 2021; Pan et al., 2021). In addition, bud dormancy and sprouting of potato tubers appears to involve mechanisms related to AD in annuals (Sonnewald and Sonnewald, 2014). Hence, the regulation of bud dormancy and bud activation in annuals and perennials may involve a shared mechanism with a common evolutionary origin.

Interestingly, ABA is also a central element in seed dormancy (Finkelstein et al., 2008), indicating that seed dormancy and bud dormancy could be regulated by similar hormonal pathways (Ruttink et al., 2007; Wang et al., 2016a). This analogy extends to the notion that, as in seed dormancy (Skubacz and Daszkowska-Golec, 2017; Tuan et al., 2018), bud outgrowth in perennials involves antagonistic interactions of ABA and gibberellic acid (GA; Pan et al., 2021). However, the role of GA is complex and context-dependent (Katyayini et al., 2020; Pan et al., 2021). Indeed, GA can promote (Rinne et al., 2011, 2016; Ni et al., 2015; Katyayini et al., 2020) or inhibit (Scott et al., 1967; Zheng et al., 2018; Katyayini et al., 2020) bud outgrowth, depending on the plant species, and on the developmental and environmental conditions, but in most cases, GA contributes to bud activation (Liu and Sherif, 2019; Pan et al., 2021).



CONCLUSION

SL is produced in most parts of the plant, presumably along the vasculature, and it is mobile in an acropetal fashion by a mechanism that may involve the transpiration stream. The function of SL in AD acts at different levels of the plant. Attenuation of auxin transport capacity mediates bud dormancy by interfering with auxin canalization from the buds. In addition, SL can directly exert bud dormancy by inducing BRC1/TB1, and through the induction of ABA signaling. Bud release involves both inductive signals such as sucrose, T6P, and cytokinin, as well as the release from the inhibitory BRC1/TB1 and ABA. Ultimately, this results in the activation of the cell cycle and metabolism in the buds. Common patterns in the regulation of dormancy in axillary buds of annual plants, and in bud dormancy in perennials, suggest that the phenomena may be related.
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Carboxylesterases (CXE) are a class of hydrolytic enzymes with α/β-folding domains that play a vital role in plant growth, development, stress response, and activation of herbicide-active substances. In this study, 49 Nicotiana tabacum L. CXE genes (NtCXEs) were identified using a sequence homology search. The basic characteristics, phylogenetic evolution, gene structure, subcellular location, promoter cis-elements, and gene expression patterns of the CXE family were systematically analyzed. RNA-seq data and quantitative real-time PCR showed that the expression level of CXEs was associated with various stressors and hormones; gene expression levels were significantly different among the eight tissues examined and at different developmental periods. As a new class of hormones, strigolactones (SLs) are released from the roots of plants and can control the germination of axillary buds.NtCXE7, NtCXE9, NtCXE22, and NtCXE24 were homologous to Arabidopsis SLs hydrolase AtCXE15, and changes in their expression levels were induced by topping and by GR24 (a synthetic analogue of strigolactone). Further examination revealed that NtCXE22-mutant (ntcxe22) plants generated by CRISPR-Cas9 technology had shorter bud outgrowth with lower SLs content. Validation of NtCXE22 was also performed in NtCCD8-OE plants (with fewer axillary buds) and in ntccd8 mutant plants (with more axillary buds). The results suggest that NtCXE22 may act as an efficient SLs hydrolase and affects axillary bud development, thereby providing a feasible method for manipulating endogenous SLs in crops and ornamental plants.
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Introduction

Carboxylesterases (CXEs) are a class of hydrolytic enzymes with α/β-folded domains that are found in many animals, plants, and microorganisms, which can influence the hydrolysis of esters and amides (Hatfield et al., 2016). The active sites of CXEs include nucleophilic serine, acidic amino acids (arginine or glutamic acid), and histidine (Marshall et al., 2003). Hydrolysis of natural compounds may cause changes in the biological activity and transport of CXEs, which play important roles in plants. At present, 20 CXE genes have been identified in Arabidopsis thaliana (Marshall et al., 2003), 16 in Malus domestica (Schaffer et al., 2007), 33 in Prunus persica (Cao et al., 2019), and 72 in Gossypium barbadense (Rui et al., 2022). Plant CXE isoenzymes are found in multiple organs, at various developmental stages, and in various parts of cells (Nomura et al., 2015; Abdel-Daim et al., 2018). The expression of CXE genes in plants shows certain tissue specificity (Kamatham et al., 2017). For example, among the 20 AtCXE genes identified in A. thaliana, AtCXE13 is only expressed in flowers and fruits, whereas AtCXE1 is expressed in multiple organs but not in leaves, while other genes are expressed in all plant tissues (Marshall et al., 2003). Furthermore, CXE genes are constitutively expressed in plants. The expression of MdCXE1 is low in the early stages of fruit development but increases sharply after 146 d of flowering (Schaffer et al., 2007). Expression is induced by hormones and pathogens, and in Vitis flexuosa, infection with Botrytis cinerea upregulates VfCXE12827, VfCXE5585, and VfCXE13132 (Islam and Yun, 2016).

Plant CXE proteins have extensive substrate catalytic activities and take part in plant growth and development, secondary metabolism, and biological stress response (Mindrebo et al., 2016). CXE genes are also involved in ester metabolism. MdCXE1 may affect apple flavor by hydrolyzing the 4-methyl umbelliferyl ester substrates in apple fruit at harvest maturity (Souleyre et al., 2011), and Di-n-butyl phthalate (DnBP), commonly used as a plasticizer, is easily absorbed by plants and contributes to the metabolism of rice (Zhu et al., 2019). The expression of PpCXE1 is related to the catabolic activity of volatile acetate in peach fruits (Cao et al., 2019). CXEs also participate in the regulation of plant tolerance to both biotic and abiotic stresses. For example, GBCXE49 regulates the tolerance of cotton to alkali stress (Rui et al., 2022); AtCXE8 enhances plant resistance to gray mold, with the knockout of this gene increasing plant susceptibility (Lee et al., 2013); and NbCXE is a novel resistance-related gene that inhibits the accumulation of tobacco mosaic virus (TMV) in tobacco plants (Guo and Wong, 2020). CXEs participate in the activation of plant hormone-signaling substances, regulating IAA metabolism in immature maize endosperm tissues (Kowalczyk et al., 2003). CXE genes also regulate strigolactones (SLs) metabolism in A. thaliana (Xu et al., 2021) and are involved in herbicide activation. For example, in A. thaliana, AtCXE12 shares the properties of the hydrolytic herbicide precursor methyl-2, 4-dichlorophenoxyacetic acid (Gershater et al., 2007a). Jasmonic acid (JA) seed treatment also influences the expression level of CXE genes and promotes the detoxification of mustard seed insecticides (Sharma et al., 2018).

SLs and their derivatives are novel plant hormones derived from β-carotene, which play a crucial role in axillary bud outgrowth (Luo et al., 2019), root elongation (Sun et al., 2021), abiotic stress response (Marzec et al., 2020), and plant-fungi symbiosis (Akiyama et al., 2005). For example, the interference of SLs synthesis gene CCD8 results in increased branching of potato plants, and its gene editing was found to increase the branching of grapevines (Pasare et al., 2013; Ren et al., 2020). At present, the identified plant endogenous (natural) SLs contain a tricyclic lactone (ABC ring) and monocyclic lactone linked together by an enol ether bond (Yoneyama et al., 2018). The sensory mechanism of SLs is characteristic compared with other phytohormones, as the SLs receptor is an α/β hydrolase folding protein, which is regulated by ligand binding ability and hydrolysability (Toh et al., 2015; Seto et al., 2019). ShHTL7, a SLs receptor, enhances binding ability, having a large binding-pocket volume (Chen et al., 2021). Another SLs receptor, D14, is a member of the hydrolase family with α/β-folding characteristics, but its binding effect is greater than that of hydrolysis and may not be the key mechanism in SLs hydrolysis (Hamiaux et al., 2012; Zhao et al., 2013). In A. thaliana, AtCXE15 and its homologues have been identified as highly hydrolytic enzymes for SLs; AtCXE15 catalyzes the hydrolysis of various SLs analogs, and overexpression of AtCXE15 induces bud branching by SLs (Xu et al., 2021). Ectopic expression of AtCXE20 in A. thaliana and maize also results in increased plant branching and tillering (Roesler et al., 2021).

Tobacco (Nicotiana tabacum L.) is an economically important commercial crop and a model plant for genetic studies. Axillary bud germination and lateral branch growth in tobacco plants are also regulated by SLs. However, the CXE gene family has not yet been thoroughly evaluated in tobacco. Therefore, in this study, we examine the CXE gene family in tobacco and identify those CXE genes responsible for environmental stress tolerance and tissue specificity using bioassays. In addition, we verify a CXE gene that regulates axillary bud development in tobacco via genetic transformation. Our results not only provide a valuable reference for further research into the functional mechanisms of this gene family and the biological functions of CXEs in plant growth and development, but also suggest that CXEs may regulate SLs.



Materials and methods


Acquisition and sequence analysis of NtCXE family

Tobacco CXE (NtCXE) genes were found in the tobacco genome database (unpublished) based on the conserved domain (accession PF07859) and protein sequences of A. thaliana using “HMMER” software. In addition, the gene length, protein molecular weight, and the theoretical potential of the members of the CXE family of tobacco plants were analyzed using the software “ExPASy” (http://www.expasy.org/tools/). The subcellular localization of 49 NtCXE gene family members was carried out using the “Genscript” tool (https://www.genscript.com/psort.html) for prediction. To analyze the evolutionary relationships, the amino acid sequences of CXE genes in Arabidopsis, tomato, peach, apple and tobacco. were aligned using “CLUSTALX” and “MEGA 7.0” (Kumar et al., 2018).



Chromosomal location and gene duplication analyses

All the NtCXE genes were mapped onto their corresponding chromosomes. “TBtools” (Chen et al., 2020) was adopted to display the positions of chromosome locations and draw the chromosome distribution map of the NtCXE genes family. “KaKs_Calculator” was used to calculate the non-synonymous replacement rate (Ka), synonymous replacement rate (Ks), and their ratio (Ka/Ks) (Zhang et al., 2006).



Gene structure and conserved domain analysis

The “MEME” tool (http://meme.sdsc.edu/meme) was adopted to detect the NtCXE conserved motif in members of the gene family. For this, the number of conserved radicals detected was 15, and the length of the motifs was a minimum of six and a maximum of 50 amino acids. The coding sequence (CDS) and genome sequences of the CXE family members were uploaded to the Gene Structure Display Server program (http://gsds.cbi.pku.edu.cn/) to generate an intron-exon structure map.



Cis-acting element analysis and regulatory network prediction

The upstream 3,000-base-pair (bp) sequence of the CXE genes were adopted as the promoter region, and the promoter sequence was downloaded from the tobacco genome database. The PlantCare website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/search_CARE.html) (Lescot et al., 2002) was used to identify cis-elements in the promoter regions of the NtCXEs. Regulatory elements of promoters were then be classified according to hormones, light, stress, etc. miRNAs downloaded from the miRBase database were used to build the miRNA-NtCXE regulatory relationships (http://plantgrn.noble.org/psRNATarget/) (Dai and Zhao, 2011; Kozomara et al., 2019). Transcription factors (TFs) screened from the Plant Transcription Factor Database (PlantTFDB; http://planttfdb.cbi.pku.edu.cn) were used to build the TF-NtCXE regulatory relationship network (http://plantgrn.noble.org/psRNATarget/) (Jin et al., 2016), and “Cytoscape” was used to map the regulatory networks (Smoot et al., 2011).



Plant growth conditions

The common tobacco variety K326 was cultured at the Zhengzhou Tobacco Research Institute in April 2022. Seedlings were grown in a greenhouse with a 14-h light at 28°C/10-h dark at 25°C cycle and a relative humidity of 50-60%. Uniformly growing tobacco (four-week-old seedlings) was screened for hormonal treatment.The tobacco seedlings were planted in 1/2 Hoagland nutrient solution with IAA (10 μM), MeJA (50 μM), ABA (10 μM), SA (10 μM), GA (10 μM), 6-BA (10 μM), GR24 (10 μM), and sucrose (10 mM) for 6 h. Uniformly growing tobacco (six-week-old seedlings) was screened for abiotic stress treatment. Tobacco seedlings were exposed to in 1/2 Hoagland nutrient solution at high temperature (35°C), low temperature (4 °C), salty (150 mM NaCl), dark, cadmium (10 μM), and drought (40% polyethylene glycol, PEG) conditions for 3 d. Roots, stems, leaves, axillary buds, and flowers were subsequently collected during the flowering stage. All collected examples were frozen in liquid nitrogen quickly and stored at -80°C in the refrigerator.



NtCXE gene expression in different tissues exposed to different stress treatments

The transcriptome data was adopted to reveal the expression patterns of CXE genes in tobacco in various tissue types and under the different stress conditions. Organizational data including leaves, roots, stems, veins, axillary buds, blades, calluses, and seeds were obtained from the tobacco genome database (unpublished). The sampling method is described in detail in Supplementary Table 1. Data on stress, including cold, drought, cadmium (Cd), topping, and CMV and Phytophthora nicotianae infection were obtained from the Sequence Read Archive (SRA) (Leinonen et al., 2011; He et al., 2016; Jin et al., 2017; Yang H. et al., 2017; Yang J. K. et al., 2017; Chen et al., 2019). These data were mapped to the tobacco reference genome using “HISAT2.2.1” with default parameters (Kim et al., 2019).



RNA isolation and expression analysis

Total RNA from each sample was extracted using Trizol reagent. RNA quality and purity were determined using 2% agarose gel electrophoresis and ultraviolet spectrophotometry, respectively. The reverse-transcribed cDNA was synthesized using the Prime Script RT Reagent Kit and stored at -20°C. Primers were designed using the Primer 3.0 online program based on the CDS sequence of NtCXE genes for quantitative real-time (qRT)-PCR. An Applied Biosystems CFX96 machine was used for the qRT-PCR with the SYBR qPCR kit (TaKaRa). The tobacco ribosomal protein gene, L25 (GenBank No. L18908), was used as an internal reference, and three biological replicates were performed (Schmidt and Delaney, 2010). The gene primers used in this study are listed in Supplementary Table 2.



Subcellular localization and GUS staining assay

The Open Reading Frame of the target gene was fused downstream of the PC1300s-GFP vector using EcroRI enzyme digestion. The enzymatic digestion product was purified and recombined with the amplified products (ClonExpress-II One Step Cloning Kit). The recombinant plasmid was then transferred into Agrobacterium tumefaciens (LBA4404). The monoclonal cells were coated with kanamycin resistant plates and cultured in yeast extract broth liquid medium on a 28 °C shaking table for 2 d. The bacteria were centrifuged at 4,000 rpm/min for 4 min. After supernatant removal, the bacteria were re-suspended in 10 mM MgCl2 (including 120 µM AS) suspension, and the OD600 was adjusted to approximately 0.6. The Agrobacterium solution was then injected into the lower epidermis (back side) of the tobacco leaves. The injected tobacco plants were then cultured under low light for 2 d and observed using laser confocal microscopy. The empty vector-transformed A. tumefaciens was used as a control. The vector map of PC1300s-NtCEX22-GFP was shown in Supplementary Figure 1.

The plasmid PBI121 was digested with BamHI enzyme and SacI enzyme at 37 °C for 3h. The reaction system included 15 μL of PBI121 plasmid, 1μL of BamHI enzyme, and 1 μL of SacI enzyme. The digested product was analyzed by electrophoresis, recovered, and purified. The promoter sequence of NtCXE22 was subcloned into the vector pBI121 by clonEZ homologous recombination, and 35S in the vector was replaced. The vector map of proCXE22-GUS was shown in Supplementary Figure 2. The proCXE22-GUS vector was then transformed into the tobacco plants (Horsch et al., 1985). The plant materials were placed into β-glucuronidase (GUS) staining solution and then stained for 12 h in the dark at 37°C. After staining, the GUS staining solution was recovered. Plant tissues were immersed in 75% ethanol for decolorization, and after chlorophyll removal, the staining results were photographed for analysis. The gene primers used in this study are listed in Supplementary Table 2.



Gene mutation plasmid construction, plant transformation and mutant analysis

A Cas9/sgRNA vector was constructed as previously described (Gao et al., 2015). According to the mRNA sequence information of NtCXE22, two CRISPR target sites of 20 nucleotides were designed to produced small guide RNA (sgRNA). Plasmid Cas9/gRNA was digested by BsaI. enzyme at 37 °C for 4 h. The target site sequence was ligated into pORE-Cas9 binary vector using T4 ligase. The connected carriers were transformed into DH5α competent cells and coated onto lysogeny broth (LB) solid medium. The cells were cultured overnight at 37 °C until positive plaques grew (approximately 16 h). After sequencing, the plasmid was extracted using the OMEGA plasmid extraction kit and transformed into Agrobacterium tumefaciens (LBA4404). The vectors were subsequently transformed into tobacco plants using the A. tumefaciens-mediated leaf disk method (Horsch et al., 1985). The design method of PCR primers and detection methods of mutation efficiency were carried out accoring to previous literature (Xie et al., 2017).



Plant tissue safranin O-fast green staining and scanning electron microscope

For plant tissue safranin O-fast green staining, axillary buds were selected as samples and fixed in FAA soution. The sections of samples were rehydrated in BioDewax and put into the safranin O staining solution for 3-8s. The sections were then decolorized and put into plant solid green staining solution for 6-20s. The last, the sections was transparent and sealed for microscope observation.

For the scanning electron microscope, samples (axilalry buds) were quickly taken and fixed with SEM fixation solution for 2h. Then the post-fixation was performed (PBS washing; fixed with OsO4 for 2h; PBS washing). The sample was dehydrated in alcohol and isoamyl acetate. The dehydrated samples were dried and treated with conductive metal coating. Finally, the samples were observed and photographed under a scanning electron microscope.



Extraction and detection of strigolactone

SL was determined using a plant SL ELISA kit (RJ21771, Shanghai; China). The chemical formula for SL is C17H14O5, the molecular weight is 298.29. Samples were collected from the roots of the wild type and NtCXE22 mutant plants following the manufacturer’s instructions.



Statistical analyses

Excel 2016, SPSS 26.0 and GraphPad Prism 9.0 software were used for data analysis and visualization. All treatments and sample assays were performed with at least three replicates, and each biological replicate included at least three uniformly grown plants.




Results


Genome-wide identification of the NtCXE family in N. tabacum

To identify members of the CXE family in tobacco, gene annotation and the hidden Markov model-based profile of the CXE domain (accession PF07859) were used as query conditions, and 49 CXE genes were identified in the N. tabacum genome database. To understand the evolutionary relationships of CXEs, a phylogenetic tree was constructed using full-length deduced amino acid sequences from Arabidopsis, tobacco, peach, apple and tobacco (Figure 1). The 49 tobacco CXE genes were divided into seven subfamilies according to their sequence homology. Group three contains 12 tobacco CXE members, accounting for 24% of the entire gene family, and was the subgroup with the largest number of members. The CDS length of the NtCXE genes ranged from 411 to 1,479 bp, and the protein length ranged from 136 to 492 amino acids. The protein molecular weights (MWs) of the NtCXE proteins were between 15.55 and 53.98 kDa, with the isoelectric points of members of the CXE gene family ranging from 4.58 to 5.93. The predicted locations of the NtCXE proteins in the cell were mostly in the cytoplasm and mitochondria based on subcellular localization prediction. The CDS sequences, physical and chemical properties of the 49 identified NtCXE genes are listed in Supplementary Table 3.




Figure 1 | Phylogenetic analysis of carboxylesterase (CXE) families. The Neighbour-Joining (NJ) phylogenetic tree was constructed according to amino acid sequences of CXE genes in Arabidopsis, tomato, peach, apple and tobacco by MEGA 7.0. The CXE proteins were divided into seven groups (marked as groups 1-7), distinguished by different colors. The standard value of nodes was derived using bootstrapping, with 1000 replicates.





Chromosomal locations, duplication, and multiple sequence alignment

The chromosome analysis of NtCXE genes is presented in Figure 2A. We found that 33 NtCXE genes were present on the following 14 chromosomes: Chr01, Chr02, Chr03, Chr5, Chr6, Chr8, Chr11, Chr12, Chr13, Chr14, Chr16, Chr17, Chr20, and Chr21. The largest gene cluster (13 members) was observed on Chr6 (Figure 2A). There were five NtCXEs on Chr13 (NtCXE5, NtCXE6, NtCXE30, NtCXE31, and NtCXE32), four on Chr11 (NtCXE26, NtCXE33, NtCXE34, and NtCXE35), and three on Chr20 (NtCXE15, NtCXE16, and NtCXE45). Chr01, Chr02, Chr03, Chr5, and Chr8 contained the fewest NtCXE genes, with only one each. In addition, 16 NtCXE genes were not located on a chromosome but were mapped onto certain scaffolds (Figure 2A). The nucleotide sequences of the NtCXE genes were subsequently compared in a gene replication analysis. A total of 27 gene replication events occurred in the NtCXE gene family, including two tandem replication events and 25 segmental replication events. The Ka and Ks values of the gene replication pairs were used to evaluate the factors affecting gene evolution in tobacco. The same type of duplicated gene showed different Ka and Ks distributions; whole genome duplication (WGD)-type repeat gene pairs showed a smaller Ka/Ks ratio, revealing slower sequencing or functionalization over a longer period of time (Supplementary Table 4). The CXE family belongs to the α/β sheet hydrolase superfamily, and contain a conserved core-a HGGGF-and-GXSXG-motif-associated with catalysis and degradation (Ueguchi-Tanaka et al., 2005). The NtCXE protein sequence alignment showed that this motif was highly conserved (Figure 2B). This warrants further study regarding the degradation of NtCXEs.




Figure 2 | Analysis of genomic location, duplicated gene pairs, and sequence comparison of tobacco NtCXE proteins. (A) Chromosomal positions of the CXE genes. The chromosomal names are in red and are shown at the top, and the gene names are shown on the chromosome. The length of chromosomes is shown to scale. (B) Multiple sequence alignment of conserved domain of NtCXE proteins. The amino acid sequences were aligned using ClustalX.





Gene structure and conserved motif analysis

The “MEME” suite tool was chosen to analyze the conserved motifs, 10 of which were identified (Supplementary Table 5; Figure 3A). Analysis of these genes suggested that the motif of the NtCXE gene family had a certain conserved type. Introns are an important component of eukaryotic genes that can participate in the post-transcriptional re-splicing of structural genes. Some introns also participate in the regulation of promoter activity and the activity of response elements contained in promoter introns (Hoshida et al., 2017). The CDS of the NtCXE genes was more deeply analyzed with the genome sequences; intron and exon analyses were performed using GSDS 2.0 (Figure 3B). The 26 NtCXEs were all intron-containing genes, and exons were separated by introns. However, the gene structures were very different, and the number of exons ranged from one to four. Twenty (40.81%) genes had one intron, whereas NtCXE6 had three introns. Notably, paralogous NtCXEs genes shared similar exon/intron distribution rules.




Figure 3 | Phylogenetic relationship, gene structures, and protein conserved motif of NtCXE genes. (A) Analysis of conserved motif in the amino acid sequences of NtCXEs. The differently colored boxes in the upper right corner represent different conserved motifs with the number 1 to 10. The sequence information corresponding to different motifs is provided in Supplementary Table 5. (B) Exon-intron structure of NtCXEs in tobacco.





Cis-acting elements and interaction networks of the CXE family

In view of the potential regulatory mechanisms of various cis-acting elements in the CXE family, the 3 kb upstream region of the transcription start site was detected, and the putative functions were identified in seven groups. Of these, light-responsive and promoter-related elements were the most abundant (Figure 4A). Elements related to the environment include low temperature, defense and stress responsiveness, and anaerobic induction. The plant hormone-responsive category includes auxin, MeJA, abscisic acid, salicylic acid, zein, and gibberellin (Figure 4B). Notably, the promoter regions of 44 NtCXE members (89.8%) included ABA response elements (ABRE), 35 genes (89.8%) with MeJA response elements, 33 genes (89.8%) with gibberellin response elements, and 30 genes (89.8%) with auxin response elements (Figure 4C) (Supplementary Table 6). In addition, the promoter regions of the 25 NtCXE genes comprised meristem expression related components. Analysis of promoter elements revealed that NtCXE genes may take part in many plant growth and developmental processes.




Figure 4 | Analysis of promoters and interaction network of the tobacco NtCXE genes. (A) Predicted cis-acting elements divided into six types for each NtCXE promoter using PlantCARE software. Heat maps were drawn by TBtools using FPKM mean values. Color represents the gene expression levels (red, high expression level; and blue, low expression level). (B) Prediction of the magnitude of elements related to hormone and environmental stress in NtCXE promoters. The heat map is drawn in the same way as figure A (orange, high expression level; and blue, low expression level). (C) Position, type, and number of hormone-related elements in NtCXE promoters using “TBtools”. (D) Regulation network of NtCXEs in tobacco plants. The purple, green, and red circles denote NtCXE genes, transcription factors (TFs), and miRNAs, respectively.



Promoter cis-element-binding transcription factors (TFs) can regulate genetic expression. Here, TFs were predicted using “PlantTFDB” and regulatory relationships were displayed using “Cytoscape” (Jin et al., 2016). We predicted 731 TF members binding to the NtCXE promoters, divided into 33 TF families including WRKY, TCP, and NAC. Potential miRNA-binding sites for NtCXEs were subsequently identified using “PsRNATarget” (Dai and Zhao, 2011). In total, 138 miRNA members from 23 miRNA families were screened, implying their complex and potentially important roles in the regulation of NtCXEs. Some of miRNAs have several NtCXE targets; nta-miR167a, for example, targeted three NtCXE genes. In addition, some NtCXEs could be targeted by multiple miRNAs; for instance, CXE2 could be regulated by 20 miRNAs. The regulatory network of NtCXEs with transcription factors and miRNAs is shown in Figure 4D. Notably, the relationships between NtCXEs and TFs/miRNAs require further study. Specific regulatory information is presented in Supplementary Table 7.



Expression patterns of NtCXE genes in different tissues

To further explore the possible roles of NtCXE genes, their expression in eight different tissues (seeds, veins, axillary buds, blades, calluses, roots, stems, and leaves) were screened and analyzed. Of these genes, six were not expressed, and the remaining genes were expressed in five of the screened tissues (Figure 5A; Supplementary Table 8). NtCXE35 and NtCXE49 had higher expression levels in seeds; NtCXE13 and NtCXE35 had higher expression levels in seeding roots, NtCXE21 and NtCXE35 in seeding leaves, NtCXE26 and NtCXE47 in axillary buds, NtCXE25 and NtCXE35 in stems, NtCXE13 and NtCXE35 in veins, NtCXE35 and NtCXE49 in blades, and NtCXE35 and NtCXE44 in calluses. Thus, the NtCXE genes have distinct expression profiles in different tissues, underlying their potential functions in various physiological processes. In addition, the expression of NtCXE genes was significantly affected by the developmental stage (i.e., seedling, maturity, and 2 d after topping). Topping promoted NtCXE gene expression in roots but decreased expression in leaves and stems, including NtCXE5 and NtCXE28. Topping increased the expression level of NtCXE7/9/22 in the leaves. NtCXE gene expression at maturity was significantly different from that at the seedling stage. For example, NtCXE38 was not expressed in seedling roots but was expressed in roots at the mature stage, and NtCXE29 was highly expressed in seeding leaves but was significantly decreased in mature leaves. Eight NtCXE genes (NtCXE 3, 5, 8, 13, 22, 25, 33, and 44) were randomly selected to validate the transcriptome results using qRT-PCR analysis, which showed similar expression patterns (Figure 5B).




Figure 5 | Analysis of tobacco NtCXE genes in various plant tissues. (A) Expression specificity of all NtCXE genes in various plant tissues, some with three developmental stages. ‘1’, ‘2’, and ‘3’ represent the seedling stage, mature stage, and 2 d after topping, respectively. Heat maps were drawn by TBtools using FPKM mean values, scaled by rows. Color represents the gene expression levels (orange, high expression level; and blue, low expression level). (B) qRT-PCR analysis of NtCXE3, NtCXE5, NtCXE8, NtCXE13, NtCXE23, NtCXE25, NtCXE33, NtCXE44 in axillary buds, flowers, leaves, roots, terminal buds, and veins. Data are presented as means ± SDs (n = 3). Different letters indicate significant differences between various tissues, based on one-way ANOVA.





Expression of NtCXE genes under stress

To further analyze the NtCXE genes involved in stress response, we used publicly available transcriptome data to assess their expression levels (Supplementary Table 9). As shown in Figure 6A, NtCXE14 and NtCXE42 showed a decreasing trend in response to cold stress, while NtCXE27 showed an increasing trend. NtCXE7, NtCXE47, and NtCXE48 were significantly upregulated in response to drought, whereas eight NtCXEs were downregulated. NtCXE5, NtCXE25, and seven other NtCXEs were upregulated in response to cadmium, while NtCXE22, NtCXE34, and seven other NtCXEs were downregulated. The expression of NtCXE6 and NtCXE7 increased in response to CMV treatment relative to that under normal nutritional conditions, while NtCXE9, NtCXE24, and NtCXE28 expression decreased. Sixteen NtCXEs showed an increasing trend upon inoculation with P. nicotianae, with the expression level of NtCXE14 increasing by a factor of 5.47 compared to the control. In contrast, the expression levels of six NtCXEs decreased upon inoculation with P. nicotianae, with NtCXE9 decreasing by a factor of 6.16 relative to the control. Finally, topping promoted the expression of NtCXE4 and NtCXE28 but inhibited the expression of NtCXE37 and NtCXE46. Subsequently, nine NtCXE genes (NtCXE 5, 10, 14, 22, 27, 30, 39, 42, and 47) were randomly selected to validate the transcriptome results using qRT-PCR analysis, which showed similar expression patterns. CXE genes were also found to respond to salt, high temperature, and darkness (Figure 6B).




Figure 6 | Analysis of tobacco NtCXE genes under various stress states. (A) Expression profiles of all NtCXE genes under cold, cadmium, topping, P. nicotiana infection, drought, and cucumber mosaic virus stresses, compared to the control treatment. Heat maps were drawn by TBtools using FPKM mean values, scaled by rows. Color represents the gene expression levels (orange, high expression level; and blue, low expression level). (B) qRT-PCR quantitative analysis of NtCXE5, NtCXE10, NtCXE14, NtCXE22, NtCXE27, NtCXE30, NtCXE39, NtCXE42 in response to NaCl, cold, cadmium, drought, high temperature, cold, darkness stressors. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01 (significant difference between the stress treatment and control, based on Student’s t-test).





Expression of NtCXE genes under the influence plant hormones

Phytohormones are small-molecule organic substances produced during plant metabolism that move from their production sites to action sites to perform regulatory functions. These hormones play key roles in regulating almost all processes of plant growth and development, and response to environmental stress. To analyze the response of NtCXE genes to these hormones, tobacco seedlings were treated with ABA, 6-BA, GA, GR24, IAA, SA, and MeJA, which we found to differentially induce different CXE genes. Some genes responded to multiple hormones, such as NtCXE2, which responded to ABA, 6-BA, GA, GR24, IAA, SA, and MeJA, while some responded to only one, such as NtCXE2, which responded to ABA, and NtCXE5, which responded to GA. Notably, for the group-five genes, NtCXE9/22/24 were all induced by GA, GR24, IAA, SA, and MeJA. NtCXE7/22/24 were inhibited by ABA and 6-BA(Figure 7).




Figure 7 | Expression profiles of 49 NtCXE genes under diverse hormone treatments. The expression patterns of all NtCXE genes in response to ABA, 6-BA, GA, GR24, IAA, SA, and JA were analyzed by qRT-PCR. Seedlings grown under normal conditions were used as controls. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01 (significant difference between the hormone treatment and control, based on Student’s t-test).





Identification of the SLs hydrolase genes in tobacco

In A. thaliana, AtCXE15 participates in hydrolysis of SLs and affects axillary bud development. Through homology comparison, we found that in tobacco, NtCXE7, NtCXE9, NtCXE22, and NtCXE24 are homologous to AtCXE15, being significantly promoted in the axillary buds at different time points after topping (Figure 8A). Among them, the expression level of NtCXE7 and NtCXE22 was also increased in the roots after topping (Figure 6A). According to the induction of GR24 and its highest homology of AtCXE15, NtCXE22 was selected further verify its function in axillary bud development. NtCXE22 was expressed in different tissues, and its expression level in dormant axillary buds was higher than that in the other two types of axillary bud (Figure 8B). The constructed plant expression vector with GUS gene fusion of the NtCXE22 promoter was used to infect tobacco seedlings via Agrobacteria-mediated transient transformation, and GUS staining was adopted to verify the tissue expression pattern of NtCXE22. We found that the GUS gene driven by the NtCXE22 promoter was expressed in all tissues, which was similar to the qRT-PCR results (Figure 8C). To determine the subcellular localization of NtCXE22, a PC1300s-NtCEX22-GFP construct was introduced into the tobacco leaf protoplasts. As shown in Figure 8D, the GFP was predominantly localized in the nucleus and cytoplasm (The original pictures were shown in Supplementary Figure 3-12). These results are consistent with the network predictions and confirm the location of NtCXE22 in the cytoplasm (Figure 8D).




Figure 8 | Expression patterns of NtCXE22 and subcellular localization of the NtCXE22 protein. (A) qRT-PCR quantitative analysis of NtCXE7, NtCXE9, NtCXE22, and NtCXE24 genes at different time points after topping, compared with that before topping. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01 (significant difference between the topping treatment and control, based on Student’s t-test). (B) qRT-PCR quantitative analysis of NtCXE22 in different tissues. Data are presented as means ± SDs (n = 3). Different letters indicate significant differences between various tissues, based on one-way ANOVA. (C) Histochemical analysis of GUS expression driven by proCXE22. (D) Subcellular localization of NtCXE22 protein.





Knockout of NtCXE22 inhibits tiller bud outgrowth in tobacco plants

To further understand the function of NtCXE22 in axillary buds, targeted NtCXE22 mutants were built using the CRISPR/Cas9 technology. The two 20 bp target sequences were introduced into a Cas9 vector and transformed into tobacco using A. tumefaciens-mediated transformation. Ten T0 transgenic lines were obtained from the two editing sites, which were evaluated for mutants. Among the ten plants, six mutants were identified in this study with a ratio of 60%. NtCXE22 mutants (ntcxe22) resulted in the smaller axillary buds than in the wild type tobacco plants (Figure 9A). The axillary bud length of wild-type and ntcxe22 plants were also quantified in the Figure 9B. Sections and electron microscope images of the axillary buds in wild-type and ntcxe22-g1 plants are shown in Figures 9C-D (The original pictures were shown in Supplementary Figures 15-18). Cells in the wild type plants divided more rapidly than those in the NtCXE plants. The mutation sites of the two mutated materials (ntcxe22-g1-2, ntcxe22-g2-3) are shown in Figure 9E, which were determined to be putative homozygous genotype.




Figure 9 | CRISPR/Cas9-mediated gene editing of NtCXE22 in tobacco. (A) Appearance of visible axillary buds in the wild type and NtCXE22 mutant (ntcxe22) tobacco seedings. Scale bar = 1 cm. Phenotypes of the whole plants were shown in Supplementary Figures 13, 14. (B) Quantitative analysis of axillary bud length in the wild type and ntcxe22 tobacco seedings. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01 (significant difference relative to controls based on Student’s t-test). (C) Paraffin section of axillary bud in the wild type and ntcxe22 tobacco seedings. (D) Scanning electron micrograph of axillary bud in the wild type and ntcxe22 tobacco seedings. (E) Target locations in NtCXE22 are marked with blue letters, the protospacer adjacent motif (PAM) with red letters, and mutations in ntcxe22 -g1 and ntcxe22 -g2 are also shown.





NtCXE22 participates in SLs regulation

The SLs-affected NtCXE22 plants had axillary bud phenotypes similar to those of plants over-expressing NtCCD8, a synthetic gene that inhibits the axillary bud development (Pasare et al., 2013; Ren et al., 2020). Therefore, we hypothesized that NtCXE22 might affect axillary bud development through SLs signaling. NtTB1, a SLs downstream target gene, that inhibits axillary bud outgrowth (Braun et al., 2012; Dun et al., 2013). To investigate further, we first monitored the expression levels of NtCXE22 and NtTB1 in the axillary buds of tobacco lines exposed to GR24. The exogenous application of GR24 induced an increase in NtCXE22 and NtTB1 expression (Figure 10A). Moreover, in the ntcxe22 plants, we found the SL content was increased in the roots, and the expression levels of NtTB1 was increased in the axillary bud relative to that in the wild type, similar to the phenotypic changes in the NtCCD8-overexpression (NtCCD8-OE) plants (Figure 10B). These results preliminary verify that NtCXE22 has a regulatory effect on axillary bud development via SL catabolism or impaired signaling. Moreover, the expression level of NtCXE22 was determined in transgenic plants with a distinct axillary bud phenotype. For this, NtCCD8-OE plants with smaller axillary buds were cultivated, and CRISPR/Cas9-mediated gene editing of NtCCD8 (ccd8) were cultivated, with more axillary buds than in the wild type plants. The relative expression of NtCXE22 was increased in the roots of the NtCCD8-OE and reduced in the ntccd8 plants (Figure 10C). The regulatory network between the CXE22, CCD8, SL, and TB1  in the tobacco were shown as follow (Figure 10D). These results strongly suggest that NtCXE22 regulates axillary bud development not only by mediating SL signaling but also through other pathways, which require further study.




Figure 10 | The verification of NtCXE22 involved in regulating SLs. (A) Transcriptional response of NtCXE22 and NtTB1 to GR24 (strigolactone analog) by qRT-PCR. (B) Expression level of NtTB1 and the content of SL in the axillary buds and roots of the wild type, NtCCD8-OE, and ntcxe22 plants by qRT-PCR. (C) Expression level of NtCXE22 were monitored in the roots of NtCCD8 mutant (ntccd8) and NtCCD8-OE plants by qRT-PCR. (D) The regulatory network between the CXE22, CCD8, SL, and TB1. Data are presented as means ± SDs (n = 3). *P < 0.05, **P < 0.01 (significant difference relative to controls based on Student’s t-test).






Discussion


Characteristics of the NtCXE gene family

CXEs are enzymes with α/β-folding domains that catalyze the hydrolysis of esters and amides and play a role in many physiological reactions in plants (Mindrebo et al., 2016; Lin et al., 2017). The functions of CXE genes have been extensively investigated in Arabidopsis, cotton, peaches, and other plants, but there are few studies on tobacco, despite it being a model plant (Yang et al., 2008; Cao et al., 2019; Rui et al., 2022). Based on our results, 49 CXE genes were identified and characterized in tobacco, which is more than in Arabidopsis (20), peach (33), and apple (16) (Schaffer et al., 2007; Mindrebo et al., 2016; Lin et al., 2017). The molecular weight of the NtCXE gene family was varied from 15.56 to 53.98 kDa, and most NtCXEs have pI values of <7, which indicates that most NtCXE proteins are acidic. The phylogenetic tree divided CXE genes into seven groups, which is similar to other plants. Members of the same subfamily are similar in CDS length, molecular weight, and motifs, suggesting that they may have similar functions.

Gene duplication and subsequent functional divergence are important drivers of genome and species evolution. Tandem replication, genome-wide replication, and fragment replication play major roles in the expansion of individual gene families (Panchy et al., 2016; Kong et al., 2019). In our study, 49 tobacco CXE genes were found to be distributed on 14 chromosomes, and two replicas containing five gene clusters were distributed across 13 chromosomes. All of these patterns suggest that gene duplication may benefit gene expansion in the tobacco CXE gene family. According to the motif and gene structure analyses, the tobacco CXE gene family is relatively conserved. Among them, all members contained motif 4, which can be used to explore the putative origin of CXEs. Introns are not directly involved in the proteome, but introns usually contain regulatory elements. Thus, the number and length of introns can affect the protein-coding potential of the genome (Jacob and Smith, 2017; Morgan et al., 2019; Parenteau et al., 2019). Based on previous research, we assume that the long intron of NtCXE11 may be used to further explore the vital regulatory roles of these genes. The introns and exons of the coding regions of eukaryotic genes control gene transcription and can, therefore, be used to further study the evolution of CXEs.

The analysis of promoter cis-elements can help understand the tissue specificity and regulatory functions of genes. Numerous environmental stress- and hormonal-response elements are widely distributed, which suggests crucial functions in plant bio/abiotic stress resistance (Rui et al., 2022). Furthermore, TFs, miRNAs, and enzymes can form a complex network that influences plant biological processes (Ibraheem et al., 2010; Chen et al., 2018). TFs interact with cis-acting elements on downstream gene promoters to regulate the expression of target genes and induce a series of responses, thereby enhancing plant growth and development (Priest et al., 2009). In our study, accoring to the cis-elements, 731 TFs from 33 TF families may be associated with NtCXE gene regulation. miRNAs regulate various biological functions by controlling the expression of target genes (Begum, 2022; Guo et al., 2022). In our study, 138 miRNA members predicated may have regulatory relationships with NtCXE genes. Specifically, we found that three NtCXEs (NtCXE2, NtCXE38, and NtCXE20) are targeted by miRNA167, which is involved in the regulation of Arabidopsis flowering time (Yao et al., 2019). NAC, a well-known flower-development-related TF (Wang J et al., 2022), may also be involved in regulating NtCXE38 expression. miR156-NtCXE45-ERF was another regulation module, and previous studies indicate that both miR156 and ERF are involved in drought tolerance (González-Villagra  et al., 2017; Yu et al., 2022). Our interaction network can further contribute to the functional research of NtCXEs. Notably, 36 NtCXEs can be targeted by miR169, which is involved in plant disease and abiotic stress regulation (Luan et al., 2015; Hanemian et al., 2016), and NtCXE22 can be targeted by miR482, a miRNA superfamily that is critical for both disease resistance and plant development (Zhang et al., 2022).



Expression of the NtCXE gene family

Plant CXE isoenzymes are found in many plants including in different tissues, organs, and at different developmental stages (Pontier et al., 1998; Ichinose et al., 2001). The NtCXE genes are expressed in a wide range of tissues similar to the finding of AtCXE genes in A. thaliana (Marshall et al., 2003). In apples, MdCXE1 expression is low during early fruit development and peaks at harvest ripening (Souleyre et al., 2011). In our study, the expression of NtCXE12 and NtCXE23 was low in the leaves of seedlings but increased in mature leaves. Topping is an important agronomic procedure in tobacco cultivation, which can promote the development of axillary buds (Wang L et al., 2022) and the accumulation of secondary metabolites in leaves (Zhao et al., 2018). In our results, topping increased the expression of NtCXE22 in the stems and roots of tobacco and decreased the expression of NtCXE22 in leaves. We speculate that NtCXE22 may be involved in the regulation of axillary buds and the secondary metabolism of leaves in tobacco plants. Analysis of NtCXE genes expression in different tissues and at different stages should prove helpful in further clarifying the different functions of NtCXE genes.

CXEs are highly specific and only act on certain substrates with very high efficiency, whereas other enzymes are able to hydrolyze a wide range of substrates. The functions of CXE genes in plants include the activation of plant hormone signaling substances and responses to biotic stresses (Griffiths et al., 2006). The expression of many CXE genes is upregulated under abiotic stress, such as alkaline stress (Rui et al., 2022) and V. flexuosa infection (Islam and Yun, 2016). In our study, the expression levels of NtCXE6 and NtCXE7 were significantly increased after CMV infection, which is consistent with NbCXE expression in tobacco infected with TMV (Guo and Wong, 2020). Overexpression of the AtCXE8 gene in A. thaliana enhances resistance to Botrytis cinerea (Lee et al., 2013), and in our study, NtCXE14 expression was significantly increased upon inoculation with P. nicotianae. Furthermore, NtCXE22 was responsive to the cadmium and Phyn infection treatments, and NtCXE5 was responsive to the drought treatment. These results suggest that CXE genes are responsive to a wide range of biotic and abiotic stresses.

Hormone-signaling molecules may control plant physiological processes through conversion between inactive esters and active molecules, and these signaling molecules are released through the selective hydrolysis of esterases (Westfall et al., 2013; Kamatham et al., 2017). Plant CXEs can demethylate inactive methyl salicylate and methyl jasmonate to produce active salicylate and jasmonate (Kumar and Klessig, 2003; Stuhlfelder et al., 2004). In our study, RT-qPCR experiments were performed using multi-hormone treatments, which showed that the expression levels of many NtCXEs were significantly enhanced by MeJA and SA, such as NtCXE5 and NtCXE22. CXEs have been reported to control IAA metabolism in immature maize endosperm tissues, and these genes also regulate GA20 glycogroup metabolism in maize (Schneider et al., 1992; Kowalczyk et al., 2003). Similarly, we found that CXE gene expression was also induced by IAA, ABA, 6-BA, GA, and GR24. However, the types of hormone-induced genes were inconsistent, indicating that different CXE genes participate in different biological processes in response to different hormones, which requires further exploration.



NtCXE22 is involved in axillary bud development via SL

SLs are newly identified hormones with important applications in agriculture, being notably involved in tillering regulation (Wang et al., 2018). SLs biosynthesis and signaling have been extensively studied in the regulation of axillary bud development (Lin et al., 2009; Vogel et al., 2010; Pasare et al., 2013; Wen et al., 2016; Ren et al., 2020). In particular, CCD8 (a synthetic SLs gene) mutation caused increased branching in tobacco (Gao et al., 2018), and CpCCD8 overexpression reduces the branching in the Arabidopsis CCD8 mutant (Wang et al., 2021). On account of low abundance of SLs, little is known about their inactivation at the catabolic level (Snowden et al., 2005; Arite et al., 2007; Simons et al., 2007). In Arabidopsis, AtCXE15 has been identified as a functionally important SLs hydrolase (Xu et al., 2021), and the ectopic expression of CXE20 effectively reduces the concentration of free SLs and increases the number of branches (Roesler et al., 2021). These studies indicate a new mechanism of SLs degradation regulation in plants. In our study, NtCXE22 was identified in tobacco and was homologous with AtCXE15. NtCXE22 is located in the cytoplasm and nucleus, which is consistent with observations in peach and cotton (Cao et al., 2019; Rui et al., 2022). SLs are involved in the regulation of apical dominance in plants, and play a direct inhibitory role in branching (Cheng et al., 2013). Our results imply that topping (i.e., removal of apical dominance) increases the expression of the NtCXE22 gene in roots and leaves, which may be involved in the regulation of SLs degradation. CRISPR/Cas9-mediated gene editing of NtCXE22 (ntcxe22) in tobacco also inhibited axillary bud development with increased SLs content, which is consistent with the phenotype of AtCXE15. In addition, altered expression levels of NtCXE22 in CCD8 (the SLs synthesis gene) overexpression also indirectly confirms its regulatory effect on SLs. CXEs belong to the ABH superfamily, whose members function as carboxylic ester hydrolases of both xenobiotics and endogenous metabolites in plants (Gershater and Edwards, 2007b). We hypothesize that CXE22 might mediate SLs catabolism and, thereby, affect axillary bud development, which provides the basis for further research into the molecular mechanisms of CXE genes in plant growth and development. In addition, as SLs are distributed in both roots and axillary buds (Gomez-Roldan et al., 2008; Xie, 2016), the targeted degradation of SLs content in different tissues by CXE gene can be regarded as a research direction, which can be used to specifically regulate plant architecture or root system.




Conclusion

In summary, we explored the evolutionary relationships, functional information, and regulatory networks of the CXE gene family in tobacco plants. We successfully revealed the details of 49 genes, including gene structures, chromosomes, promoter cis-elements, associated transcription factors, and miRNAs. In addition, the expression levels of CXE genes in various tissues, under various abotic stresses, and in response to a range of plant hormones were determined. We found that NtCXE7, NtCXE9, NtCXE22, and NtCXE24 are regulated by topping and GR24. Furthermore, knockout of NtCXE22 inhibited axillary bud development and increased SLs content and the expression level of NtTB1, which was consistent with NtCCD8 (the SLs synthesis gene) overexpression lines. Overall, our work provides a solid foundation for the functional study of CXE genes as well as new understanding of the regulation of plant architecture.
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General process Phenotype Pathway Regulation Species References
Seed germination Seed germination KAIZ; MAX2; SMAX - Arabidopsis Shen et al., 2007; Waters
etal, 2012; Stanga et al.,
2013
Seediing establishment  Hypocotyl elongation  D14; MAX2; SMAX1/SMXL2 + Arabidopsis Waters et al., 2012; Wang
et al., 2020b; Li et al., 2022
Hypocotyl elongation  KAI2; MAX2; SMAX1/SMXL2 + Arabidopsis Shen et al., 2007; Sun and Ni,
2011; Waters etal,, 2012;
Stanga et al,, 2013
Mesocotyl elongation  D14; MAX2; SMXL6/7/8 + Rice Kameoka and Kyozuka, 2015;
Zheng et al., 2020
Mesocotyl elongation  KAI2; MAX2; SMAX1 + Rice Kameoka and Kyozuka, 2015;
Choi et al., 2020a; Zheng
etal, 2020
Cotyledon expansion  KAI2; MAX2; SMAX1/SMXL2 4= Arabidopsis Sun and Ni, 2011; Stanga
etal, 2013, 2016
Cotyledon expansion  D14; MAX2; SMXL6/7/(8) +/=" Arabidopsis Waters et al., 2012;
Soundappan et al,,2015
Shoot development  Shoot branching D14; MAX2; SMXL6/7/8 + Arabidopsis Gomez-Roldan et al., 2008;
Umehara et al., 2008; Waters
etal, 2012; Soundappan
etal, 2015; Wang etal, 2015
Shoot branching D14; MAX2; SMXLT + Pea Gomez-Roldan et al., 2008;
de Saint Germain et al., 2016;
Kerr et al., 2021
Shoot branching SMAX -+ Arabidopsis Zheng et al., 2021
Tillering D14; MAX2; SMXL6/7/8 + Rice Umehara et al, 2008; Arite
etal., 2009; Jiang et al., 2013;
Zhouetal., 2013
Tilering SMXLE/7/8 4+ Liuetal, 2017
Branch angle D14; MAX2; SMXL6/7/8 - Arabidopsis Liang et al,, 2016
Shoot elongation D14; MAX2; SMXL6/7/8 - Arabidopsis Soundappan et al,, 2015;
Liang et al., 2016
Secondary growth D14; MAX2; SMXL(6)/7/8) - Arabidopsis Agusti et al., 2011; Bennett
etal., 2016; Liang et al., 2016
Leaf development Leaf length D14; MAX2; SMXL6/7/8 - Arabidopsis Scaffci et al., 2013;
Soundappan et al., 2015
Leaf length KAI2; MAX2; SMAX1 + Arabidopsis Soundappan et al., 2015
Petiole length D14; MAX2; SMXLE/7/8 + Arabidopsis Scaffidi et al., 2013;
Soundappan et al., 2015
Leaf width KAL2; MAX2; SMAX1 + Arabidopsis Soundappan et al., 2015
Leaf senescence D14; MAX2; SMXL6/7/(8) - Arabidopsis Woo et al., 2001; Ueda and
Kusaba, 2015; Bennett et al.,
2016
Root development Lateral root formation  MAX2; SMXL6/7/8 + Arabidopsis Kapulnik et al., 2011; Ruyter-
Spira etal,, 2011;
Soundappan et al.2015;
Villaécija-Aguilar et al.,2019
Lateral root formation  KAI2; MAX2; SMAX1/SMXL2 + Arabidopsis Villaécija-Aguilar et al., 2019
Root skewing angle  KAI2; MAX2; SMAX1/SMXL2 + Arabidopsis Swarbreck et al,, 2019;
and SMXL6/7/8 Villaécija-Aguilar et al., 2019
Root straightness KAI2; MAX2; SMAX1/SMXL2 - Arabidopsis Swarbreck et al., 2019;
Villaécija-Aguilar et al., 2019
Root diameter KAI2; MAX2; SMAX1 - Arabidopsis Swarbreck et al., 2019;
Villaécia-Aguilar et al. 2019
Root hair formation and ~ KAI2; MAX2; SMAX1/SMXL2 - Arabidopsis Villaécia-Aguilar et al., 2019
elongation
Root hair elongation  KAI2; MAX2; SMAX1 - Lotus Carbonnel et al., 2020
Primary root elongation ~ KAI2; MAX2; SMAX1 + Lotus Carbonnel et al., 2020
Drought tolerance Stomatal closure D14; MAX2; SMXL6/7/8 - Arabidopsis Buetal, 2014; Van Haet al,
2014; Lv et al., 2017; Kalliola
et al., 2020; Yang et al., 2020a
Anthocyanin/flavonoid  D14; MAX2; SMXL6/7/8 - Arabidopsis Brewer et al., 2009; lto et al.,
production 2015; Walton et al,, 2016; Li
etal, 2020; Struk et al,, 2021
Anthocyanin/flavonoid  KAI2; MAX2; SMAX1/SMXL2 - Arabidopsis Lietal., 2017; Bursch et al.,
production 2021
Cuticle formation MAX2; SMXL6/7/8 - Arabidopsis Buetal, 2014; Li et ., 2020
Osmotic stress Osmotic stress KAI2; MAX2; SMAX1/SMXL2 - Arabidopsis Lietal, 2022
tolerance tolerance
Osmotic stress D14; MAX2; SMAX1/SMXL2 - Arabidopsis Lietal, 2022
tolerance
Symbiosis AM fungi colonization  KAI2; MAX2; SMAX1 - Rice Yoshida et al,, 2012; Gutjahr

‘Indications that different SMXLs reguiate this phenotype oppositely.
‘Phenotype only found when SMXL s overexpressed.
“No mutant phenotype, only protein interaction data and effect on SPL expression.
“Involvement of SMXL6/7/8 not consistent
Unexplained opposite phenotype of smax1/smxI2 and smxi6/7/8 mutants.

etal, 2015; Choi et al., 2020a
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