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Plants in the juvenile state are more tolerant to adverse conditions. Constitutive expression of MicroRNA156 (miR156) prolonged the juvenile phase and increased resistance to abiotic stress, but also affected the architecture of transgenic plants. In this study, we investigated the possibility of subtle manipulation of miR156 expression in flowering plants, with the goal to increase tolerance to abiotic stress without altering the normal growth and development of transgenic plants. Transgenic tobacco plants expressing ZmmiR156 from maize were generated, driven either by the cauliflower mosaic virus (CaMV) 35S promoter or the stress-inducible ZmRab17 promoter. Expression of ZmmiR156 led to improved drought and salt tolerance in both 35S::MIR156 and Rab17::MIR156 transgenic plants, as shown by more vigorous growth, greater biomass production and higher antioxidant enzyme expression after a long period of drought or salt treatment, when compared to wild type and transgenic vector control plants. However, constitutive expression of ZmmiR156 also resulted in retarded growth, increased branching and delayed flowering of transgenic plants. These undesirable developmental changes could be mitigated by using the stress-inducible ZmRab17 promoter. Furthermore, under drought or salt stress conditions, expression of ZmmiR156 reduced the transcript level of NtSPL2 and NtSPL9, the genes potentially targeted by ZmmiR156, as well as that of CP1, CP2, and SAG12, the senescence-associated genes in tobacco. Collectively, our results indicate that ZmmiR156 can be temporally manipulated for the genetic improvement of plants resistant to various abiotic stresses.
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Introduction

Unlike animals, plants are sessile organisms that cannot avoid or flee from adverse conditions. Therefore, they have developed a series of strategies to cope with or tolerate different environmental stresses. Drought and salt are two of the most serious environmental factors which have severely restricted the production of agricultural crops worldwide (Rivero et al., 2007). To date, a number of drought and salt stress-related genes and pathways have been isolated and identified in different plant species (Zhang and Blumwald, 2001; Xiong et al., 2002; Yamaguchi-Shinozaki and Shinozaki, 2006; Yang et al., 2008).

In higher plants, MicroRNA156 (miR156), a class of 20–24 nucleotide non-coding regulatory RNAs derived from hairpin precursors by the Dicer-like enzymes, plays crucial roles in transcriptional and post-transcriptional gene regulation via the silencing mechanism (Carrington and Ambros, 2003; Bartel, 2004; Baulcombe, 2004; He and Hannon, 2004). As one of the conserved miRNA families in higher plants, miR156 is highly expressed in seedlings and decreased during the juvenile-to-adult transition (Wang et al., 2011). Together with its target SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE (SPL) family, miR156 has acted as a versatile toolbox in regulating various developmental processes of plants (Wang and Wang, 2015). In Arabidopsis and poplar, the miRNA156/157 recognition element in the 3′ UTR of SPL3 prevented early flowering by translational inhibition in seedlings (Gandikota et al., 2007). The miRNA regulation cascades (miR156-SPL13-miR172-SNZ) also played a crucial role during the post-germination developmental stages (Martin et al., 2010). Overexpression of miR156 delayed the phase transitions from juvenile to adult and adult to reproductive, and caused shortened plastochron and leaf overproduction in transgenic plants (Wu and Poethig, 2006; Schwarz et al., 2008; Wang et al., 2008). In maize, enhanced expression of miR156b/c dramatically increased the branch numbers of transgenic plants (Chuck et al., 2007). In rice transgenic expression of miR156 enhanced branch/tiller numbers of transgenic plants (Jiao et al., 2010). In poplar, overexpression of miR156 reduced the expression of miR156-targeted SPL genes, and prolonged the juvenile phase of transgenic poplar (Wang et al., 2011). Recently, overexpression of GmmiR156b in soybean improved shoot architecture and significantly increased the numbers of long branches, nodes and pods, leading to improved grain yield in transgenic plants (Sun et al., 2019).

In addition to its developmental functions, miRNAs also play crucial roles in plant response to environmental stress. In Arabidopsis, miR156 isoforms were induced by heat stress (HS) and promoted the expression of HS-responsive genes (Stief et al., 2014). In barley, Hvu-miR156, Hvu-miR166, Hvu-miR171, and Hvu-miR408 were responsive to drought stress (Kantar et al., 2010). In maize, miRNA399b, miRNA156, and Zma-miR3 were induced by low phosphorus stress (Zhang et al., 2012). Transgenic Arabidopsis plants expressing soybean GmmiR172c exhibited increased resistance to drought and salt stresses (Li et al., 2016). Expression of miRNA156 in Arabidopsis and rice led to improved tolerance to NaCl and osmotic stresses in transgenic plants (Cui et al., 2014). In alfalfa, expression of miR156 reduced plant height and increased biomass, branch number and time to complete vegetative growth under both normal and salt stress conditions (Arshad et al., 2017). Similarly, in chickpea, overexpression of miR408 led to reduced plant height and increased drought tolerance (Hajyzadeh et al., 2015).

In this study, we explored whether subtly manipulating the expression of ZmmiR156 from maize (Zea mays) in tobacco would improve the tolerance to drought and salt stresses but cause no significant effects on the regular growth and development of transgenic plants. Our results demonstrate that, by temporally regulating the expression of ZmmiR156 with a stress-inducible promoter, transgenic plants resistant to both drought and salt stresses with no significant morphological changes can be generated.



Materials and Methods


Plant Materials and RNA Isolation

Tobacco plants (Nicotiana tabacum cv. xanthi) were grown on MS medium (Murashige and Skoog, 1962) with 2% (w/v) sucrose and 0.8% (w/v) agar with cool white fluorescent light (~200 μmol/m2/s) under a 12 h light/12 h dark photoperiod at 21–25°C/15–18°C (day/night). Plants in soil were grown in a greenhouse under a 14 h photoperiod, comprised of natural daylight supplemented with lamps (120–150 µEm2/s) at 21–25°C/15–18°C (day/night). The sequenced maize (Zea mays L.) cultivar B73 was grown in greenhouse as described previously (Li et al., 2013).

For expression pattern analyses of ZmmiR156 in maize plants, juvenile (1-month-old) and old (4-month-old) maize plants or roots of 2-week-old seedlings treated with 15% PEG, 100 mM NaCl or 50 μM ABA were used. Total RNA was extracted from different tissues with RNAiso Plus and RNAiso-mate for Plant Tissue (TaKaRa, Dalian, China), and treated with RNase-free DNase (Promega, Shanghai, China).



Vector Construction and Plant Transformation

The ZmmiR156 sequence was cloned from B73 (GenBank accession No. EF541486.1). The 764-bp pre-mature miR156 sequence was inserted into a modified pCAMBIA3301 vector via the Bam HI and Spe I restriction sites, under the control of two copies of the cauliflower mosaic virus (CaMV) 35S promoter or the drought- and ABA-inducible maize Rab17 promoter. The resultant constructs, as well as the modified pCAMBIA3301 vector, were respectively introduced into Agrobacterium tumefaciens strain EHA105 for tobacco transformation. Leaves of N. tabacum cv. xanthi were transformed as described previously (Yang et al., 2008). Independently regenerated transgenic shoots were propagated and transplanted into soil for homozygous seed production. Transgenic plants transformed with the modified pCAMBIA3301 vector were used as vector control.



Sequence Alignment and Phylogenetic Analyses

Sequence alignment of mature NtmiR156 and ZmmiR156 was performed on Clustal omega website (http://www.ebi.ac.uk/Tools/msa/clustalo). Phylogenetic trees were generated using the MEGA 7.0 and drawn using the neighbor joining method. The accession numbers for AtSPLs, NtSPLs, and ZmSPLs are shown in Supplementary Table S1.



Reverse Transcription PCR and Quantitative Real-Time PCR

First-strand cDNA was synthesized using the ReverTra Ace Kit (TOYOBO, Osaka, Japan) following the manufacturer’s instruction. A total amount of 2 µg RNA was subjected to reverse transcription reaction using ReverTra Ace (Vazyme, Shanghai, China) at 50°C for 30 min. The resultant cDNA was then used for PCR amplification with gene-specific primers. ZmActin and NtActin were employed as internal controls, respectively. Quantitative real-time PCR (qRT-PCR) was performed with the SYBR Green Real-time PCR Master Mix (Vazyme, Shanghai, China) and monitored in real time with the CFX Connect (BIO-RAD, Shanghai, China). All the primers used in this research are listed in Supplementary Table S2.



Drought and Salt Stress Treatments

For drought stress analyses, 4-week-old seedlings for 35S::MIR156#1 and 35S::MIR156#2 and 6-week-old seedlings for Rab17::MIR156#1 and Rab17::MIR156#7 were withheld from watering for another four weeks. For salt stress treatment, 2-month-old 35S::MIR156#1 and 35S::MIR156#2 and 6-week-old Rab17::MIR156#1 and Rab17::MIR156#7 plants grown in greenhouse were watered with 1/8 concentration of MS salt solution supplemented with or without 200 mM NaCl bi-weekly for 6 weeks.



Determination of Malondialdehyde (MDA) and Proline Concentration

To measure the content of MDA, leaf samples were ground in 5 ml of 0.1% trichloroacetic acid (TCA) and mixed with 5 ml of 0.5% thiobarbituric acid. The samples were then boiled for 10 min, cooled to room temperature and centrifuged at 12,000 g. The supernatant was analyzed by monitoring the difference in absorbance at A532 and A600. Proline content was determined as described previously (Bates and Walden, 1973).



Nitroblue Tetrazolium (NBT) Staining and Chlorophyll Fluorescence Assays

Leaf disks were stained with nitroblue tetrazolium (NBT) as described previously (Fryer et al., 2002). To measure chlorophyll fluorescence concentration, the fourth new grown leaf counted from the bottom of each plant was taken and photographed at the end of the relative treatment. Chlorophyll content was determined as described by Lichtenthaler (1987).



Measurements of Stomatal Density and Aperture

For stoma observation, epidermal strips were peeled from the leaves of two-month-old wild type, vector control and transgenic plants. The samples were incubated in a solution containing 10 mM KCl, 10 mM MES-Tris, and 50 µM CaCl2 (pH 6.15), and exposed to light (100 µmol m−2 s−1) for 3 h. Subsequently, 0 µM or 50 µM ABA was added to the solution. After 2 h, samples were examined under 20× and 40× magnification using a Nikon microscope. The number of stomata was counted, and the widths and lengths of stomatal apertures were measured. Mean ratios of stomatal density and width to length ± SE of three independent experiments (n = 30–50) were calculated.



Statistical Analysis

All the data were normalized and all samples were normally distributed with homogeneity of variance. Error bars represent the SDs from three biological replicates. Student’s t-test was used for statistical analyses. The tests were one-tailed.




Results


Cloning and Expression Analyses of ZmmiR156 in Maize

To understand the biological functions of miR156 in plant responses to abiotic stresses, the full length sequence of ZmmiR156 was isolated from maize. Consistent with previous reports that miR156 is highly conserved in plants, ZmmiR156 shares very high sequence identity with miR156s in tobacco (Axtell and Bowman, 2008; Supplementary Figure S1A). Since the miR156/SPLs regulatory module was conserved in diverse plant species, we also conducted phylogenetic analyses of SPLs from Arabidopsis, tobacco and maize using MEGA 7.0 (Chuck et al., 2007; Wang et al., 2011; Wang et al., 2014; Supplementary Figure S1B).

To see whether ZmmiR156 is responsive to abiotic stress, we performed qRT-PCR analyses. Under normal growth condition, ZmmiR156 was ubiquitously expressed in different tissues and organs including roots, leaves, and stems, with a relatively higher expression in juvenile roots and leaves (Supplementary Figure S2A). Upon treatments with 15% PEG, 100 mM NaCl or 50 μM ABA, ZmmiR156 transcript level increased after 1 h and then decreased after 6 h (Supplementary Figures S2B–D). These results demonstrate that ZmmiR156 is responsive to different abiotic stresses and ABA.



Generation of Transgenic Plants Expressing ZmmiR156

To explore whether it is feasible to improve the resistance to different abiotic stresses without changing the architecture of transgenic plants, transgenic tobacco plants with constitutive or stress-induced ZmmiR156 expression were generated. ZmmiR156 sequence was cloned into the pCAMBIA-3301 vector, under the control of either two copies of the cauliflower mosaic virus 35S (2×35S) promoter or the stress-inducible ZmRab17 promoter, and introduced into the genome of tobacco (N. tabacum cv. xanthi) by A. tumefaciens-mediated transformation (Supplementary Figures S3A, B). Fifty-two independently regenerated transgenic lines (T0 generation) were obtained, and twenty lines were confirmed by PCR for the integration of ZmmiR156. The expression level of ZmmiR156 in different transgenic lines was examined by qRT-PCR. Two homozygous 35S::ZmmiR156 transgenic lines which showed high expression of ZmmiR156 (35S::MIR156#1, 35S::MIR156#2) and two homozygous Rab17::MIR156 transgenic lines which showed very low expression of ZmmiR156 (Rab17::MIR156#1, Rab17::MIR156#7) were selected for further stress resistance and morphological analyses (Supplementary Figures S3C, D).



ZmmiR156 Expression Increased Osmotic and Salt Tolerance in Transgenic Tobacco Seedlings

We first assessed the resistance of ZmmiR156-expressing plants to osmotic or salt stress at the early developing stages of seedlings. Seeds of wild type, vector control and the four transgenic lines 35S::MIR156#1, 35S::MIR156#2, Rab17::MIR156#1 and Rab17::MIR156#7 were sown on MS medium supplemented with 7.5% PEG, 200 mM mannitol or 150 mM NaCl. The growth of wild type, vector control and transgenic seedlings were approximately the same when cultured on normal MS medium (Figures 1A–F). However, in the presence of 7.5% PEG, 200 mM mannitol or 150 mM NaCl, growth of wild type, vector control and transgenic seedlings was all impaired, although the growth of transgenic seedlings was less severely affected (Figures 1A–F). Transgenic seedlings produced longer roots and greater biomass than the wild type and vector control seedlings (Figures 1A–F). These results indicate that the expression of ZmmiR156 increased the osmotic and salt tolerance in tobacco.




Figure 1 | Osmotic and salt stress analyses of wild type (WT), vector control, and both 35S::MIR156, and Rab17::MIR156 transgenic seedlings. Seeds of WT, vector control and transgenic lines 35S::MIR156#1, 35S::MIR156#2, Rab17::MIR156#1, and Rab17::MIR156#7 were sown on MS medium supplemented with 7.5% PEG, 200 mM mannitol, or 150 mM NaCl and vertically cultured for two weeks. (A) Phenotypes of WT, vector control and 35S::MIR156 transgenic seedlings. (B, C) Root lengths and fresh weights of seedlings in (A). (D) Phenotypes of WT, vector control and Rab17::MIR156 transgenic seedlings. (E, F) Root lengths and fresh weights of seedlings in (D). Data are shown as mean ± SD from three biological replicates. Asterisks indicate significant differences from the corresponding control values at *0.01 < P < 0.05 and **P < 0.01. Scale bar = 1 cm.





ZmmiR156 Expression Improved Drought and Salt Tolerance in Transgenic Adult Plants

To further test the effect of drought on the growth of wild type and ZmmiR156-expressing plants, seedlings grown in soil in greenhouse were withheld from watering for 4 weeks. To minimize the growth retardation caused by the constitutive expression of ZmmiR156, 4-week-old seedlings of 35S::MIR156#1 and 35S::MIR156#2, instead of 6-week-old seedlings of Rab17::MIR156#1 and Rab17::MIR156#7, were used for drought treatment. Expression of ZmmiR156 did not cause any significant morphological changes since wild type, vector control, and both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants all grow normally under well-watered condition (Figures 2A and 3A). After 4 weeks of water withholding, the growth of wild type and vector control plants was dramatically retarded, whereas the growth of both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants was less severely retarded (Figures 2B and 3B). The plant heights and fresh weights of transgenic plants were remarkably higher compared to the wild type and vector control plants (Figures 2C, D, and 3C, D).




Figure 2 | Drought tolerance, plant heights, fresh weights, and leaf proline and MDA content analyses of wild type (WT), vector control and 35S::MIR156 transgenic plants grown in greenhouse. Four-week-old seedlings of WT, vector control, and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 were withheld from watering for four weeks. (A) Phenotypes of well-watered seedlings and plants at the beginning and end of experiment, respectively. (B) Phenotypes of drought-treated seedlings and plants at the beginning and end of experiment, respectively. (C–F) Plant heights, fresh weights, and leaf proline and MDA contents of plants in (A) and (B) at the end of experiment. Data are shown as mean ± SD from three biological replicates. Asterisks indicate significant differences from the corresponding control values at **P < 0.01. Scale bar = 10 cm.






Figure 3 | Drought tolerance, plant heights, fresh weights, and leaf proline and MDA content analyses of wild type (WT), vector control and Rab17::MIR156 transgenic plants grown in greenhouse. Six-week-old seedlings of WT, vector control, and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 were withheld from watering for four weeks. (A) Phenotypes of well-watered seedlings and plants at the beginning and end of experiment, respectively. (B) Phenotypes of drought treated seedlings and plants at the beginning and end of experiment, respectively. (C–F) Plant heights, fresh weights, and leaf proline and MDA contents of plants in (A) and (B) at the end of experiment. Data are shown as mean ± SD from three replicates. Asterisks indicate significant differences from the corresponding control values at **P < 0.01. Scale bar = 10 cm.



Since miR156 plays a pivotal role in regulating the transition of plants from vegetative growth to reproductive phase, we further examined the effect of salt stress on the growth of adult plants expressing ZmmiR156. Two-month-old transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants or 6-week-old transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 seedlings grown in greenhouse were watered with 1/8 concentration of MS salt solution supplemented with or without 200 mM NaCl bi-weekly for 6 weeks. Under normal growth condition, constitutive expression of ZmmiR156 led to retarded growth, promoted branching and delayed flowering in 35S::MIR156 transgenic plants (Figure 4A; Supplementary Figures S4A, B, and S5A, B). The plant heights and fresh weights of transgenic lines 35S::MIR156#1 and 35S::MIR156#2 were drastically lower than those of the wild type and vector control plants (Figures 4B, C). However, stress-induced expression of ZmmiR156 only caused very minor growth changes in Rab17::MIR156 transgenic plants (Figure 4F; Supplementary Figures S4A, B, and S5A, B). The plant heights and fresh weights of transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 were approximately the same as those of the wild type and vector control plants, although flowering time was slightly delayed (Figures 4G, H; Supplementary Figures S4A, B, and S5A, B). Upon treatment with 200 mM NaCl, both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants showed improved tolerance to salt stress (Figures 4A, F). The plant heights and fresh weights of transgenic lines 35S::MIR156#1, 35S::MIR156#2, Rab17::MIR156#1 and Rab17::MIR156#7 were significantly higher than those of the wild type and relative vector control plants (Figures 4B, C, G, H).




Figure 4 | Salt tolerance, plant heights, fresh weights, leaf proline and MDA content analyses of wild type (WT), vector control, and both 35S::MIR156 and Rab17::MIR156 transgenic plants grown in greenhouse. (A) Phenotypes of plants before and after the salt treatment. Two-month-old plants of WT, vector control, and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 were treated with 200 mM NaCl for six weeks. (B–E) Plant heights, fresh weights, and leaf proline and MDA content of plants in (A) at the end of experiment. (F) Phenotypes of plants before and after the salt treatment. Six-week-old plants of WT, vector control, and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 were treated with 200 mM NaCl for six weeks. (G–J) Plant heights, fresh weights, and leaf proline and MDA content of plants in (F) at the end of experiment. Data are shown as mean ± SD from three biological replicates. Asterisks indicate significant differences from the corresponding control values at **P < 0.01. Scale bar = 10 cm.





ZmmiR156 Expression Increased Oxidative Stress Tolerance in Transgenic Tobacco Plants

Since drought and salt stresses also exert osmotic stress to plant cells, we further explored whether expression of ZmmiR156 confers elevated resistance to oxidative stress on transgenic plants. It is well known that proline accumulates in response to drought or salt stress in both prokaryotic and eukaryotic organisms (Schobert 1997,). We examined the proline content in the leaves of wild type, vector control and transgenic plants grown under both normal and stress conditions. We observed that although proline accumulation increased in all plants upon the treatment of drought or salt stress, proline concentration was significantly higher in transgenic plants compared to that in the wild type and vector control plants (Figures 2E, 3E, and 4D, I).

Lipid hydroperoxidation is used as an indicator of cell damage caused by oxidative stress (Yoshimura et al., 2004). We measured the lipid hydroperoxide production rate changes induced by oxidative stress in the leaves of wild type, vector control and transgenic plants grown under both normal and stress conditions by determining the content of MDA. Under either drought or salt stress condition, MDA content increased in all plants, but was prominently lower in transgenic plants than that in wild type and vector control plants (Figures 2F, 3F, and 4E, J). Although the expression of ascorbate peroxidase (APX), catalase (CAT) and superoxide dismutase (SOD) was approximately the same under normal conditions, a higher expression was observed in transgenic plants under both drought and salt stress conditions (Supplementary Figures S6A–F and S7A–F).

We further performed nitroblue tetrazolium (NBT; free-radical stain) staining with the leaf disks of wild type, vector control, and 35S::ZmmiR156 and Rab17::MIR156 transgenic plants grown under both normal and stress conditions. Compared to the leaf disks of wild type and vector control plants, leaf disks of 35S::ZmmiR156 and Rab17::MIR156 transgenic plants showed a stronger tolerance to the damage caused by oxidative stress (Figures 5A, B, E, F). Upon treatment of drought or salt stress, there was significant chlorophyll loss in wild type and vector control plants but only a marginal decrease in 35S::ZmmiR156 and Rab17::MIR156 transgenic plants (Figures 5C, D, G, H). Collectively, these results imply that expression of ZmmiR156 improved resistance to the oxidative stress-induced membrane hydroperoxidation in transgenic tobacco plants.




Figure 5 | Nitroblue tetrazolium (NBT) staining and chlorophyll content assays of wild type (WT), vector control, and both 35S::MIR156 and Rab17::MIR156 transgenic plants after drought or salt treatment. (A) Leaf disk NBT staining of WT, vector control, and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants after the drought treatment. (B) Leaf disk NBT staining of WT, vector control, and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 plants after the drought treatment. (C, D) Leaf disk chlorophyll content of WT, vector control and transgenic plants in (A) and (B), respectively. (E) Leaf disk NBT staining of WT, vector control, and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants after the salt treatment. (F) Leaf disk NBT staining of WT, vector control, and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 plants after the salt treatment. (G, H) Leaf disk chlorophyll contents of WT, vector control and transgenic plants in (E) and (F), respectively. Data are shown as mean ± SD from three biological replicates. Asterisks indicate significant differences from the corresponding control values at values at *0.01 < P < 0.05 and **P < 0.01. Scale bar = 1 cm.





Down-Regulated SPL and Senescence-Associated Gene Expression in Transgenic Tobacco Plants

To see if ZmmiR156 expression has been properly manipulated in transgenic tobacco plants, we first investigated the transcript level of ZmmiR156 in wild type, vector control, and 35S::ZmmiR156 and Rab17::MIR156 transgenic plants. Under either normal or stress condition, no ZmmiR156 expression was detected in wild type and vector control plants, whereas constitutive ZmmiR156 expression was observed in transgenic lines 35S::MIR156#1 and 35S::MIR156#2 (Figures 6A, D). Under normal growth condition, although a very low expression of ZmmiR156 was also observed in transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7, the transcription of ZmmiR156 was strongly induced by drought or salt stress (Figures 6B, E). We then examined the relative expression levels of NtSPL2 and NtSPL9, the two SPL family genes potentially targeted by ZmmiR156 in tobacco. Consistent with the expression of ZmmiR156, NtSPL2 and NtSPL9 in transgenic lines 35S::MIR156#1 and 35S::MIR156#2 were drastically down-regulated under both normal and stress conditions, but in transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7, NtSPL2 and NtSPL9 were significantly down-regulated only under drought or salt stress conditions (Figures 6C, F).




Figure 6 | ZmmiR156 and SPL gene expression in wild type (WT), vector control, and both 35S::MIR156 and Rab17::MIR156 transgenic plants after drought or salt treatment. (A) RT-PCR analyses of ZmmiR156 expression in WT, vector control, and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants grown under normal and drought stress conditions. (B) RT-PCR analyses of ZmmiR156 expression in WT, vector control, and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 plants grown under normal and drought stress conditions. (C) Quantitative real-time PCR analyses of SPL gene expression in WT, vector control, and transgenic lines 35S::MIR156#1, 35S::MIR156#2, Rab17::MIR156#1, and Rab17::MIR156#7 plants grown under normal and drought stress conditions. (D) RT-PCR analyses of ZmmiR156 expression in WT, vector control, and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants grown under normal and salt stress conditions. (E) RT-PCR analyses of ZmmiR156 expression in WT, vector control, and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 plants grown under normal and salt stress conditions. (F) Quantitative real-time PCR analyses of SPL gene expression in WT, vector control, and transgenic lines 35S::MIR156#1, 35S::MIR156#2, Rab17::MIR156#1, and Rab17::MIR156#7 plants grown under normal and salt stress conditions. The NtActin gene was employed as an internal control. Data are shown as mean ± SD from three biological replicates. Asterisks indicate significant differences from the corresponding control values at *P < 0.05, **P < 0.01.



Senescence is a process of growth and recession at cellular, tissue, organ or whole plant level which is influenced by both internal and external factors (Lim et al., 2007). In this process, the relative expression of a number of genes, especially transcription factors and their downstream target genes involved in metabolism and signal perception, will be up- or down-regulated. To date, senescence-associated genes (SAGs) from different plant species have been isolated, including Arabidopsis, rice and tobacco (Getu et al., 2006; Lim et al., 2007; Ewa et al., 2009; Branka et al., 2015). We compared the expression of Cysteine protease 1 (CP1), Cysteine protease 2 (CP2) and SAG12 in the leaves of wild type, vector control, and 35S::ZmmiR156 and Rab17::MIR156 transgenic plants grown under normal and stress conditions. Under normal growth condition, although no significant difference was seen in the expression level of CP1, possibly due to its low expression, the expression of CP2 and SAG12 was significantly down-regulated in transgenic lines 35S::MIR156#1 and 35S::MIR156#2 (Figures 7A, C). No significant difference in expression was observed in transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 (Figures 7B, D). Upon treatment with drought or salt stress, expression of CP1, CP2, and SAG12 was up-regulated in all the plants, with less significant up-regulation in transgenic lines 35S::MIR156#1, 35S::MIR156#2, Rab17::MIR156#1, and Rab17::MIR156#7 (Figures 7A–D).




Figure 7 | Senescence-associated gene expression in wild type (WT), vector control, and both 35S::MIR156 and Rab17::MIR156 transgenic plants after drought or salt treatment. (A) Quantitative real-time PCR analyses of CP1, CP2, and SAG12 expression in WT, vector control and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants grown under normal and drought stress conditions. (B) Quantitative real-time PCR analyses of CP1, CP2, and SAG12 expression in WT, vector control and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 plants grown under normal and drought stress conditions. (C) Quantitative real-time PCR analyses of CP1, CP2, and SAG12 expression in WT, vector control and transgenic lines 35S::MIR156#1 and 35S::MIR156#2 plants grown under normal and salt stress conditions. (D) Quantitative real-time PCR analyses of CP1, CP2, and SAG12 expression in WT, vector control and transgenic lines Rab17::MIR156#1 and Rab17::MIR156#7 plants grown under normal and salt stress conditions. The NtActin gene was employed as an internal control. Data are shown as mean ± SD from three biological replicates. Asterisks indicate significant differences from the corresponding control values at **P < 0.01.






Discussion

To deal with harmful environmental conditions such as drought and salt stress, plants have developed various systems to incorporate the reprogramming of gene expressions (Zhu, 2002; Chinnusamy et al., 2004). By high-throughput small RNA deep sequencing, a number of drought- and salt-responsive miRNAs involved in these regulatory networks have been identified in different plant species (Hobert, 2008; Yu et al., 2008; Jian et al., 2016; Saminathan et al., 2016). Among them, miR156 has been shown to have an important function in plant response to drought and salinity stresses (Sun et al., 2012; Wang et al., 2013; Bhardwaj et al., 2014).

In addition to its function in plant response to adverse stresses, miR156 also plays a crucial role in plant growth and development. Previously, constitutive expression of miR156 improved the tolerance to abiotic stress, but also affected the regular growth and development of transgenic plants (Wu and Poethig, 2006; Chuck et al., 2007; Schwarz et al., 2008; Wang et al., 2008; Jiao et al., 2010; Wang et al., 2011; Xie et al., 2012; Sun et al., 2019). We aimed to investigate the feasibility of improving resistance to abiotic stress without altering the regular growth and development of transgenic plants by genetically manipulating the expression pattern of miR156. Therefore, two kinds of transgenic tobacco plants with either constitutive or stress-induced expression of ZmmiR156 were generated, and their resistance to drought and salt stress as well as their growth features were compared under both normal and abiotic stress conditions (Supplementary Figures S3A–D).

Based on the assumption that senescence is a form of cell death programming activated by drought, isopentenyltransferase (IPT) has been expressed in tobacco and successfully improved the tolerance to drought stress by delaying the senescence of transgenic plants (Rivero et al., 2007). Similarly, constitutive expression of miR156 in Arabidopsis and rice prolonged the juvenile phase, and improved the resistance of transgenic plants to salt and mannitol stresses (Wu and Poethig, 2006; Wang et al., 2011; Cui et al., 2014). However, detailed analyses on the growth and resistance to abiotic stress at different developmental stages were not carried out. In this work, the relative growth of wild type, vector control, and both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants at seedling, juvenile and adult stages grown under normal and stress conditions were compared. Consistent with the previously reported transgenic Arabidopsis and rice, both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants showed improved tolerance to salt and mannitol stresses at the early seedling development stages, as indicated by the more vigorous growth of roots and shoots compared to the wild type and relative vector control seedlings (Figures 1A–F). Similar results were also observed in transgenic tobacco plants at juvenile and adult stages grown in greenhouse (Figures 2A–D, 3A–D, and 4A–C, F–H).

As a hydroxyl radical scavenger, proline makes a significant contribution to the adjustment to osmotic stress and the protection of macromolecules during drought and salt stresses (Hong et al., 2000). Upon treatment with drought or salt stress, proline accumulated to a significantly higher level in both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants than in wild type and vector control plants (Figures 2E, 3E, and 4D, I). This is consistent with previous reports that transgenic salt tolerant plants accumulated more proline (Nanjo et al., 1999; Zhang and Blumwald, 2001; Zhang et al., 2016). Therefore, the augmented proline accumulation in transgenic plants may have helped protect the activity of antioxidative enzymes and as a result alleviated the adverse impacts imposed by drought and salt on transgenic plants.

One of the major causes of the adverse impacts of drought and salt is the generation of reactive oxygen species (ROS) from chloroplast and mitochondrial metabolism induced by abiotic stress, which causes membrane damage and electrolyte leakage (Apse and Blumwald, 2002). Upon treatment with drought or salt stress, a significant increase of MDA content was observed in wild type and vector control plants (Figures 2F, 3F, and 4E, J). In addition, a higher chlorophyll content and antioxidant enzyme expression was also observed in both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants (Figures 5A–H, Supplementary Figures S6A–F, and 7A–F). Therefore, we postulated that under adverse growth conditions, expression of ZmmiR156 helped protect cell membrane integrity in transgenic plants. This hypothesis was also supported by the observations of transgenic tobacco expressing inositol polyphosphate 6-/3-kinase AtIpk2β and heat shock protein LeHSP21 (Yang et al., 2008; Zhang et al., 2016).

At both seedling and juvenile stages, no significant phenotype changes were observed between wild type, vector control, and both 35S::ZmmiR156 and Rab17::MIR156 transgenic plants under normal growth condition (Figures 1A–F, 2A, C, D, and 3A, C, D). However, at adult and reproductive stages, transgenic tobacco plants with constitutive expression of ZmmiR156 showed slower growth, delayed flowering and increased branching compared to the wild type, vector control and transgenic tobacco plants with stress-induced expression of ZmmiR156 (Figures 4A, C, F, G, H; Supplementary Figures S4A, B, and S5A, B). This is consistent with the biological role of ZmmiR156 in plant growth and development. Similar morphological changes were also observed in Arabidopsis, rice, maize, soybean, and aspen with increased expression of miR156, and transgenic chickpea constitutively expressing miR408 (Wu and Poethig, 2006; Jiao et al., 2010; Wang et al., 2011; Xie et al., 2012; Cui et al., 2014; Sun et al., 2019).

As a key channel to exchange gas with the outside environment, the stoma regulates the photosynthesis, transpiration and water use of plants (Chaerle et al., 2005). Environmental cues, such as light intensity and quality, water status, temperature and atmospheric carbon dioxide concentration, as well as endogenous signals, control the development, density and aperture of stomata in plants (Hetherington and Woodward, 2003; Saibo et al., 2003). In addition to the altered growth and development, transgenic plants with constitutive expression of ZmmiR156 also showed decreased leaf stomata number (Supplementary Figures S8A, B). A nearly 66% reduction, leading to a slower water loss, was observed in 35S::MIR156 transgenic plants compared to the wild type, vector control and Rab17::MIR156 transgenic plants (Supplementary Figures S8C, D). Further treatment with ABA showed no significant difference in stomatal aperture in all of the plants (Supplementary Figure S9A, B). We then evaluated the ABA sensitivity of wild type, vector control and 35S::MIR156 transgenic plants during germination and early seedling development. Seeds were sown on MS medium containing different concentrations of ABA. Again, no significant difference was observed after two weeks, as indicated by root lengths and total fresh weights, suggesting that ZmmiR156 may have improved tolerance to abiotic stress in an ABA-independent manner (Supplementary Figures S10A–C).

Leaf senescence involves the expression of a specific set of SAGs. Since constitutive expression of ZmmiR156 prolonged the juvenile phase of transgenic plants, we compared the expression profiles of SPL and SAG genes in both 35S::MIR156 and Rab17::MIR156 transgenic plants. Constitutive expression of ZmmiR156 reduced the expression of miR156-targeted SPL and SAG genes under both normal and stress conditions, whereas stress-induced expression of ZmmiR156 reduced the expression of miR156-targeted SPL and SAG genes only under drought or salt stress conditions (Figures 6C, F, and 7A–D). Similar strategy was also used to improve the salt, drought and freezing tolerance of transgenic Arabidopsis, wheat and barley plants expressing DREB transcription factor genes, driven with the stress inducible rd29A or rab17 promoter (Kasuga et al., 1999; Morran et al., 2011). Taken together, our results demonstrate that ZmmiR156 expression can be temporally engineered to improve plant resistance to abiotic stress without causing any significant effects on the regular growth and development of transgenic plants.
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