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Abstract

:

Leaf morphology and plant height are two agronomic traits closely related to tobacco (Nicotiana tabacum L.) yield and quality. The study of leaf morphology and plant stature mutants will greatly contribute to the fields of plant architecture breeding and developmental biology. Here, we report the characterization of a spiral leaf and dwarf (sld) mutant identified from an ethylmethane sulfonate (EMS)-induced common tobacco population. The sld mutant displayed the phenotype of wrinkled, spiral, and miniature leaves, with the growth point as the central axis and plant dwarfing with shortened internodes. The inheritance pattern of the sld mutant phenotype was manipulated by a recessive nuclear monogene, which was linked to six tobacco simple sequence repeat (SSR) markers from linkage group 5 via gene mapping. Utilizing an F2 population, the sld mutant gene the sld mutant gene was located between the co-segregated markers PT51778, PT54913, and the marker PT61414, with an equal genetic distance of 0.16 cM. Taking advantage of a BC1F1 population, the markers PT51778, PT54913, the sld gene, and the marker PT61414 demonstrated co-segregation, located between the markers PT40040 and PT60933, respectively, with a genetic distance of 1.37 cM and 6.32 cM, respectively. These findings will be helpful in cloning the sld gene and in the further characterization of the regulatory genes controlling the spiral and dwarfing phenotypes in tobacco.
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1. Introduction


Tobacco is a cash crop, distributed worldwide, whose leaves are harvested. Leaf morphology and plant height are two agronomic traits that directly contribute to yield and quality in tobacco. Appropriate leaf morphology and plant height can ensure the sufficient accumulation of dry matter in tobacco leaves, so as to reap high-quality tobacco leaves. Meanwhile, tobacco, as a typical model plant, is widely used in plant biological research and has a great effect on the development of plant biotechnologies such as transgenic plants [1]. Studies on tobacco leaf morphology and plant height in various mutation phenotypes are helpful in revealing the mechanisms of plant development and assisting in the genetic improvement of tobacco.



Plant leaf morphology is genetically governed and influenced by environmental factors. Many genes involved in regulating leaf development have been identified in model plants [2,3,4]. Genes mutations related to leaf development cause abnormal leaf development [5,6,7,8,9,10], for example, curled/curved/rolling leaves. The dominant mutations Curl (Cu) leaf and Mouse-ear (Me) leaf in tomato are caused by the different abnormal transcriptional regulation patterns of Knottedl (Knf)-like genes [11]. Overexpression of the tobacco NTH1 gene results in slightly wrinkled and curved leaves, which present a clockwise or anticlockwise spiral phyllotaxy looking down from the shoot apex toward the base [1]. Mutation of the vital gene Rolled Fine Striped (RFS), encoding a chromodomain helicase DNA-binding 3 (CHD3)/Mi-2 subfamily ATP-dependent chromatin remodeling factor, leads to lack of vascular cell development on the adaxial side, resulting in rolling leaves [12]. LRRK1 (leaf rolling receptor-like cytoplasmic kinase 1) in rice negatively regulates leaf up-rolling through reducing the size of bulliform cells in the adaxial cell layers [13]. Maize mutant abrl1, with extreme abaxial rolling leaf, may be caused by the number and area of bulliform cells increasing [14]. The CLD1/SRL1 (SEMI-ROLLED LEAF 1) allele encodes a glycophosphatidylinositol (GPI)-anchored membrane protein. The rice mutation curled leaf and dwarf 1 (cld1) loses function through DNA methylation of CLD1, and significant decreases in cellulose and lignin contents emerge in the secondary cell walls of leaves, thereby leading to a decrease in the water retention capacity of the defective leaf epidermis [15,16].



Plant-specific transcription factors can participate in the formation of a curly leaf shape by changing leaf polarity. Mutations of TCP (TEOSINTE BRANCHED1/ CYCLOIDEA/ PROLIFERATING CELL FACTOR 1 and 2) transcription factors lead to upward crinkly leaves in marginal regions [17], a curling-upward leaf phenotype [18], and leaves with a downward or backward curvature [19]. The SHALLOT-LIKE1 gene, which acts with KANADI, controls rice leaf rolling [20]. Mutation or over-expression of the HD-ZIP III gene results in curly leaves in cucumber and rice [21,22]. Different expression patterns of miRNA165 and miRNA166 define the expression initiation site of HD-ZIP III family genes, resulting in curly leaves of maize or cucumber [21,23], but HD-ZIPII/HD-ZIPIII interaction affects leaves’ morphological development by inhibiting MIR165/166 [24,25]. ROC5 and ROC8, of the rice HD-Zip IV family, regulate bulliform cell development and modulate leaf rolling [26,27]. WUSCHEL-RELATED HOMEOBOX (WOX) mutants display the curly leaves [28]. YAB3 RNAi and WOX3 overexpression cause a similar twisted and knotted leaf phenotype in transgenic rice [29]. Ectopic expression of LOB generates plant-dwarfed phenotypes with leaves that are curl slightly upward [30,31,32,33].



Leaf development is also regulated by plant hormone (auxins and cytokinins etc) biosynthesis, transport, and distribution [34,35]. Overexpression of Aux/IAA family genes produces leaf curling [36,37]. Double mutants of Auxin Response Factor 3 (ARF3)/ETT and the closely ETT-related gene ARF4 in Arabidopsis exhibit leaf up-curling [38]. Ectopic overexpression of the WINDING 1 (WIN1) gene in rice leads to a higher auxin concentration distribution in leaf sheath excurvature side cells, and a leaf spiral phenotype [39]. Mutation of YUCCA6, encoding putative flavin monooxygenase enzymes, leads to excessive production of auxin and curled leaves phenotype of Arabidopsis [40,41].



There are many genes and pathways regulating the dwarfing phenotype in plants, the most important of which are transcription factors and plant hormones [42]. TCP14 and TCP15 genes influence plant height by promoting cell proliferation of young internodes; shorter plant phenotypes are enhanced due to the Arabidopsis tcp14tcp15 double mutant [43]. Suppressed expression of the rice DNL-4 gene encoding a Phosphofructokinase B-type (pfkB) carbohydrate kinase protein causes a dwarfed and narrow-leaf phenotype [44]. Substitution of amino acids in DELLA proteins, which are nuclear-localized negative regulators of gibberellin signaling within the GRAS multi-functional protein family, leads to a gain-of-function mutant repressing GA-induced degradation of DELLA, and a Brassica napus semi-dwarf mutant phenotype [45]. The long terminal repeat (LTR) retrotransposon inserted at the N-terminal DELLA domain of wheat Rht-B1c and foxtail millet DWARF1 (D1) separately brings about completely dominant extreme dwarfism and GA-insensitive semi-dominant dwarfism [46,47]. Sequential deletion of the ent-kaurenoic acid oxidase1 (HaKAO1) gene causes the reduction of active GAs and the extreme dwarf phenotype of the sunflower dwarf2 (dw2) mutant [48]. Overexpression or induction of the tobacco NTH15 (Nicotiana tabacum homeobox 15) gene causes curly and shrunk leaf phenotypes, which arises from a GA 20-oxidase expression-inhibited sharp decrease in GA1, and an increase in cytokinins [49,50,51].



Brassinosteriod(BR)-deficient mutations may cause dwarfing, shortened internodes, a slightly dwarfed stature, and semi-dwarfing [52,53,54,55,56,57]. In BR-signaling pathways, rice BR-insensitive mutants show erect leaves and dwarf culms [58]. RNAi silencing of OsBZR1, a positive regulator of BR signaling, leads to semi-dwarfism, and erect leaves [59]. The mutant of rice OsDLT, which encodes the GRAS family protein and regulates BR responses, causes dark green erect leaves, low tillering and late flowering, and a compact semi-dwarf stature [60]. The interaction of D1/TUD1, a heterotrimeric G protein α subunit, with the U-box E3 ubiquitin ligase regulates brassinosteroid (BR)-mediated growth, resulting in a dwarfed phenotype of rice Taihu Dwarf1; this is due to a decrease in cell proliferation and the disordered morphology of the stem [61]. Knockdown of the BR signal-related gene SDG725 leads to dwarfing, shortened internodes, erect leaves, and smaller seeds [62]. The scp-1, scp-2, cpa mutants of cucumber are BR biosynthesis-deficient mutants based on base mutation or base insertion, and display extremely dwarfed phenotypes [63,64,65]. Strigolactone (SL) biosynthesis defects lead to high or excessive tillering and dwarf phenotypes [66,67]. A single-nucleotide transition of the carotene isomerase-encoding gene reduces carotenoid biosynthesis and the amount of carotenoid-derived SLs, leading to an excessive tiller number and a dwarfed stature phenotype in rice [68]. The tryptophan-deficient dwarf1 (tdd1) mutant exhibits dwarfed, narrow leaves and abnormal flowers in rice, via the tryptophan (Trp)-dependent IAA biosynthesis pathway [69]. However, the progress of research on the development of leaf and plant stature in tobacco is still very limited.



In the current study, we identified a spiral leaf and dwarf (sld) mutant from an EMS mutagenesis population of a tobacco (Nicotiana tabacum L.) variety named Honghuadajinyuan (HD, wild-type, WT, with normal leaf morphology and plant height). The sld mutant displays spiral-growth leaves with the growth point as central axis, wrinkled and smaller leaves, reduced internodes, and shortened plant height. We studied the phenotypic segregation between the sld mutant and the wild-type HD (or the cultivated tobacco variety named Gexinsanhao (G3)). Additionally, preliminary mapping of the corresponding sld gene was performed between G3 and the sld mutant. The results will be helpful for furthering interpretations of the genetic basis of tobacco spiraling and dwarfing traits, and may also serve as a basis for the molecular breeding of particular tobacco plant morphologies.




2. Materials and Methods


2.1. Plant Materials and Genetic Populations


A spiral leaf and dwarf (sld) mutant, self-crossed for five generations (M5) to ensure the stability of its mutant phenotype, was derived from a cultivated variety of flue-cured tobacco (Nicotiana tabacum L.) named Honghuadajinyuan (HD), whose mutant populations were treated with a semi-lethal dose of the chemical mutagen ethylmethane sulfonate (EMS) [70,71]. The sld mutant seeds were initially provided by the Chinese Tobacco Mutant Library Information Resource (http://www.tobaccomdb.com/ (accessed on 20 February 2014)) (Qingdao, China). HD and G3 seeds were initially provided by the Tobacco Germplasm Resources Sub-Infrastructure of the National Crop Germplasm Resources Infrastructure (Qingdao, China).



HD and G3, as female parents, were, respectively, hybridized with the sld mutant, as the male parent, to produce two F1 generation plants. F1 self-crossed to gain an F2 segregation population. Moreover, the individual (G3 × sld) F1 plant was backcrossed with the sld mutant (male parent) to obtain a ((G3 × sld) × sld) BC1F1 segregation population. In 2016, all experimental materials were arranged in order and planted with no repetition for genetic population phenotypic observation in the field of the Tobacco Test Station of Zhucheng (Weifang, Shandong, China), and the G3, sld, (G3 × sld) F2 segregation populations and ((G3 × sld) × sld) BC1F1 segregation population were used for gene mapping sampling. Three individual plant lines of F2, along with a plant line of BC1F1, were, each, planted with a population of about 500 plants. Moreover, in 2017, HD and the sld mutant were planted for investigation of their agronomic traits in the field of Tsingtao Experimental Base of the Tobacco Research Institute, Chinese Academy of Agricultural Sciences (Qingdao, Shandong, China), and the Tobacco Test Station of Zhucheng.




2.2. Phenotypic Investigation and Statistical Analysis


Phenotypic observation of all experimental materials was carried out at five different developmental stages: seedling emergence stage, seedling stage, rosette stage, vigorous growing stage, and flowering stage. The spiral-leaves growth phenotype of the sld mutant was very typical from the beginning of the rosette stage. The sld mutant-type phenotype and the HD/G3 wild-type phenotype of individual plants were recorded at the flowering stage. A chi-square goodness-of-fit test was used to confirm the fitness of observed separation ratio and the theoretical separation ratio of the segregation populations.




2.3. Investigation and Statistical Analysis of Agronomic Characteristics


The major agronomic characteristics of HD and the sld mutant represented by five plants from each of the two locations were measured at the flowering stage. All measured data were analyzed via an ANOVA using Microsoft Excel 2016. The homogeneity of variance was tested using a two-sample F-test for variance, and a two-sample Student’s t-test was carried out, assuming equal (and unequal) variances (homoscedastic/heteroscedastic).




2.4. Genomic DNA Extraction and SSR Analysis


Genomic DNA was extracted from young fresh leaves of ten individual plants from the G3-type and the sld mutant-type, all sld mutant-type phenotype plants of the (G3 × sld) F2 population, and all sld mutant-type and G3-type phenotype plants of the ((G3 × sld) × sld) BC1F1 population, using the CTAB method with slight modification [72,73]. A NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Beijing, China) was used for measurement of the DNA concentration, adjusted to final concentration of 50 ng/µL. The DNA purity was examined via agarose gel electrophoresis at 1% concentration.



Tobacco simple sequence repeat (SSR) markers released by Bindler et al. [73] were used to map the causal gene of the sld mutant phenotype. In light of genetic map [73], SSR primers were averagely selected in search of polymorphic markers between two parents, G3 and sld, ten of the sld mutant-type plants, and ten of the G3-type plants from each of the two populations (F2 and BC1F1), following the experimental procedures of Wu et al. [70] and Gao et al. [74].




2.5. Gene Linkage Map Construction and Genetic Distance Analysis


In order to seek all polymorphic SSR markers of the parents closely linked to the sld mutant gene, some typical clearly distinguishable polymorphic SSR marker primers between the parents were identified via PCR amplification and genotypic detection of ten random individual plants’ DNA, respectively, from the sld-type phenotype (recessive) individual plants of the (G3 × sld) F2 and ((G3 × sld) × sld) BC1F1 populations; others were surveyed in sequence. Subsequently, all polymorphic SSR markers on the flank of the sld mutant gene were moved across the remaining sld-type (recessive) individuals’ DNA from the F2 and BC1F1 populations, and the G3-type individuals’ DNA from the BC1F1 population.



A genetic linkage map was constructed using QTL Ici Mapping software V4.0, taking advantage of segregation data of the sld causal gene and SSR markers from the F2 or BC1F1 population. The odd (LOD) threshold of the map was set at 3.0 [75]. The percentage of recombinations was converted into genetic distances via Kosambi’s mapping function [76], and represented by Kosambi centiMorgans (cM).





3. Results


3.1. Phenotypic Characteristics of the sld Mutant


The sld mutant plants looked normal from seed germination to the euphylla cross of the seedling growth period (Figure 1d). After being temporality planted, the sld plants displayed a leaf tip distortion. When the sld mutant plants reached 3–5 leaves with one heart (Figure 1e), the leaves obviously showed a spiral growth model with the growth point as the central axis, as compared to the wild-type HD. Established seedlings of the sld mutant and the wild-type HD were transplanted to fields at once. The sld mutant plants gradually appeared to be shorter, and the height development of the sld plants lagged behind that of the wild-type HD plants. At the rosette stage, the sld mutant plants exhibited a significantly dwarfed stature with a phenotype of spiral, wrinkled leaves (Figure 1f and Figure 2a,b).




3.2. Main Agronomic Characteristics of the sld Mutant


At the full flowering stage, we investigated the main agronomic traits of the sld mutant and the wild-type HD, including the number of leaves, plant height, stem girth, pitch, maximum leaf length, and maximum leaf width, in two locations: Jimo (Qingdao, Shandong, China) and Zhucheng (Weifang, Shandong, China) (Figure 2b,c). At Jimo, the sld mutant plants had an average of 20.8 leaves, with an average height of 87.4 cm, stem girth of 10.6 cm, pitch of 4.14 cm, maximum leaf length of 40 cm, and maximum leaf width of 15.4 cm, being 95.4%, 61.6%, 98.1%, 52.1%, 56.7%, 45.3% of those of the wild-type HD, respectively (Figure 2d). Meanwhile, at Zhucheng, the sld mutant plants had an average of 22.4 leaves; the average results of the aforementioned height, stem girth, pitch, maximum leaf length, and maximum leaf width were, respectively, 95.2 cm, 10.6 cm, 3.98 cm, 38 cm and 16.6 cm, being 94.9%, 59.6%, 98.1%, 84.0%, 55.9%, 50.9% of that of the wild-type HD, respectively (Figure 2e). An ANOVA of major agronomic characteristics of the sld mutant compared with those of the wild-type HD indicated that at Jimo and Zhucheng, plant height, maximum leaf length, and maximum leaf width showed the most significant differences. Pitch showed a significant difference at Jimo, and an extreme significant difference at Zhucheng (Figure 2d,e). The results showed that the dwarf trait of the sld mutant was associated with shortened pitch, and its spiral wrinkle leaf phenotype was accompanied by a decreased maximum leaf length and width. Compared with the wild-type HD, the number of attached leaves and the stem girth of the sld mutant did not change significantly, and remained statistically stable.




3.3. Genetic Analysis of the sld Mutant


In order to analyze the inheritance of the sld mutant phenotype, F1 was made between HD (or G3) and the sld mutant. All individual plants of the two F1 manifested phenotypes of the corresponding female parents HD and G3. In the (HD × sld) F2 and (G3 × sld) F2 populations, based on the sld mutant phenotype, 167 plants and 503 plants were, respectively, divided into two groups: the sld mutant-type phenotype group (40 plants and 112 plants), and the wild-type phenotype group (HD 127 plants and G3 391 plants). The observed segregation ratios of the (HD × sld) F2 and (G3 × sld) F2 populations both fitted an expected Mendelian inheritance ratio of 1:3 (the sld mutant-type: the wild-type, χ2 < χ20.05 = 3.841) (Table 1), which indicated that the sld mutant phenotype was dominated by recessive nuclear monogene. A test cross population, ((G3 × sld) × sld) BC1F1, was used to verify the inheritance of F2 segregation population. There were 193 plants with the sld mutant-type phenotype and 199 plants with the wild-type G3 phenotype in the ((G3 × sld) × sld) BC1F1 population, which is consistent with a Mendelian inheritance segregation ratio of 1:1 (sld mutant-type: wild-type, χ2 < χ20.05 = 3.841) (Table 1).




3.4. Gene Mapping of the sld Mutant


A total of 1317 pairs of SSR markers averagely selected in the 24 tobacco linkage groups (LG) were screened for distinct polymorphisms between the wild-type G3 (maternal parents) and the sld mutant (paternal parents), and 324 (13.98%) markers displayed distinct polymorphisms. In light of the previous detection method [70,77], these distinct polymorphism markers were further used to detect the polymorphisms of the bulked DNA samples derived from the wild-type G3 phenotypes and the sld mutant-type phenotypes of segregated populations. Six markers (1.85%) (Table 2) on linkage group 5 were used to analyze DNA samples of 318 recessive sld mutant-type phenotype individuals from the F2 segregation population, which were derived from three F1 single plant lines, and of 199 dominant G3 wild-type phenotype and 193 recessive sld mutant-type phenotype plants from the BC1F1 population.



On the basis of the detection results from the sld-type individuals of the F2 population, a genetic linkage group between the sld locus and the six corresponding SSR markers was constructed on linkage group 5. The sld locus was located between the co-segregated markers PT51778, PT54913, and the marker PT61414, with both genetic distances being 0.16 cM. The other side of the co-segregated PT51778 and PT54913 markers, the markers PT40040 and PT60855, were arranged in order from near to far, while the other side of the marker PT61414 was adjacent to the marker PT60933 (Figure 3b).



Based on the number of the recessive sld mutant-type recombinant individuals detected by the above six markers in the BC1F1 population, a genetic linkage group was constructed on linkage group 5. The upstream adjacent markers PT51778, PT54913, and the downstream adjoining marker PT61414 of the sld locus were all co-segregated with the sld locus, which was located within the larger region between the markers PT40040 and PT60933, with genetic distances of 1.37 cM and 6.32 cM, respectively. At the other end of the marker PT40040 was the marker PT60855 (Figure 3d). The relative positions of the six markers and the sld locus were in accordance with the linkage group constructed using the F2 population. This result verified that the six polymorphic SSR markers were genetically linked to the sld site.





4. Discussion


4.1. Inheritance Patterns of Visible Mutation Phenotypes Such as Spiral Leaf and Plant Dwarfing in Tobacco


The spiral leaf and dwarf (sld) mutant is a stable leaf-spiraling and plant-dwarfing mutant resulting from self-crossed M5 generation of the cultivated variety of Nicotiana tabacum L., Honghuadajinyuan (HD), mutated by the chemical mutagen ethylmethane sulfonate (EMS), which comes from the Tobacco Mutant Library [71]. The sld mutant did not show the characteristic of leaves spiral mutation from germination to the euphylla cross of the seedling growth period (Figure 1d). Leaf tip distortion of the sld mutant seedlings gradually appeared during the development of seedlings. When the leaf number of the sld mutant grew to 3–5 leaves with one heart (Figure 1e), the leaves obviously showed a spiral growth model, with the growth point as the central axis. The sld mutant showed the typical phenotype of spiral, wrinkled leaves (Figure 1f), and the plant height was shorter from the rosette stage (Figure 2a,b). The reliable and stable spiral leaf and dwarf phenotype was observed for many years. The inheritance pattern of the sld mutant phenotype was manipulated by a recessive nuclear monogene (Table 1).



We also obtained the inheritance patterns of some individual plants with stable visible mutagenesis phenotypes from the Tobacco Mutant Library. Some 8 mutants of 18 homozygous mutant individual plant lines displayed the monogenic dominant patterns of inheritance; 5 mutants of 18 displayed monogenic recessive mutation patterns; while 2 mutants of 18 showed double-recessive patterns of inheritance; the other 3 of 18 were confirmed as monogenic semi-dominant patterns [71]. The leaf senescence phenotype of the yellow leaf 1 (yl1) mutant was also governed by a recessive monogene [74]. In one mutant plant, more than two abnormal phenotypes always occur simultaneously, pertaining to the form of the pleiotropy [71]. Thus, genetic analysis showed that the coexistence of the spiral leaf and dwarf phenotypes of the sld mutant was also caused by pleiotropism.




4.2. Inheritance Patterns of Dwarfing/Semi-Dwarfing and Leaf-Curling Mutations in Monocotyledons and Dicotyledons


The inheritance patterns of dwarf/semi-dwarf traits and leaf curl mutations have contributed to research progress made in the area of dicots and monocots. Dwarf/semi-dwarf traits are often accompanied by leaf variation and other traits, which are regulated by one gene and exhibit pleiotropy. With the same or similar phenotypic traits, different crops could have the same inheritance mechanisms/patterns, while the same crops might have different genetic mechanisms.



The dwarf phenotype of the pepper CaBRI1 gene [79]; the short internode length trait of the sesame Sidwf1 gene [80]; the rice dwarf and brittle culm (dbc1) mutant [81]; the rice dwarf-narrow leaf mutant 2 (dnl2) [82]; the barley excess-tillering semi-dwarf mutant htd [83]; the maize dwarf mutant m34 [84]; the (extreme) dwarf cucumber mutants of the compact (cp) [85]; the super compact-1 (scp-1) [63]; the super compact-2 (scp-2), with dark green and wrinkled leaves [64]; the compact plant architecture (cpa) mutant, with shortened internodes and petioles, and darkened and wrinkled leaves [65]; and the B. napus dwarf mutant bnaC.dwf and bnd2 [86,87] are all controlled by a single recessive gene. In some B. napus, the semi-dwarf mutant ds-1, with dark-green leaves [45]; the dwarf mutant ds-4, with shorter petioles, downward curving and crinkled leaves [88]; a semi-dwarf stature sca, with crinkled leaves, narrow branch angles, and upright siliques [89]; the extremely dwarf1 (ed1) mutant, with curled leaves [90]; and the dwarf mutant df59 [91] are governed by a single semi-dominant gene. In the other B. napus, the Bndwf/dcll mutant with a short-statured and wrinkled downward-curved leaf-type [92]; the G7 dwarfism phenotype, with downward-curved leaves [93]; the BnUC1 mutant, with up-curling leaves [94]; and the semi-dwarf mutant Bnuc2, with upward-curled leaves [95] are controlled by a dominant monogene. Meanwhile, the dwarf mutant NDF-1 of B. napus is regulated by a major gene (ndf1) with a mainly additive effect [96]; the dwarf mutation trait of 99CDAM [97] arose from three pairs of recessive dwarf genes. In light of the determined inheritance patterns, these dwarfism and leaf-curling mutants were used for identifying the corresponding functional genes through gene mapping, which were then applied in breeding research.




4.3. Research on Curled Leaves and Plant Height of Tobacco


The published research on the curled leaves and plant height of tobacco is limited. Alongside over-expression of the NTH1 gene of tobacco in transgenic Samsun with slightly wrinkled and curved leaves [1] (Masanori et al., 1999), transgenic tobacco plants harboring the NTH15 (Nicotiana tabacum homeobox 15) gene, which resembles the class 1 KNOTTED-type homeodomain, showed mildly or severely curled and shrunken leaves; this results from a drastic decline in GA1 and an increment in cytokinins [49]. Overexpression or induction of NTH15 gene strongly suppresses the abundant expression of the Ntc12 gene encoding GA 20-oxidase, thereby giving rise to decreased levels of bioactive GA, and varying the severity of curled-leaf phenotypes [50,51]. Tobacco plants that overexpress various class1 knotted1-type homeobox (kn1-type class1) genes have shown different degrees of curled and shrunken leaves, depending on differences in the conserved domains of the Nicotiana tabacum homeobox (NTH) gene family [98]. Transgenic tobacco plants of MdKN1 (apple class 1 KNOX genes) or the corn KNOX1 gene showed malformation, extensively curled and crinkled leaves, and delayed shoot growth via curbing internodes’ elongation [99]. The PttKN1 (Populus tremula × tremuloides KNOTTED1) gene in transgenic tobacco caused down-regulated expression of the GA 20-oxidase gene, increased cytokinin levels, and decreased gibberellin levels, resulting in the growth of two round stems with mildly, moderately, or severely wrinkled leaves [100]. Cheng et al. [101] identified quantitative trait loci (QTL) affecting plant height (PH) from the cross between NC82 (P1), a high-quality flue cured tobacco cultivar, and Kang88 (P2), a tobacco virus-resistant cultivar. When the soybean GmRAV gene was transferred into tobacco, a reduction in gibberellin (GA) biosynthesis and the dwarf phenotype were observed [102].




4.4. Construction and Application of Tobacco SSR Marker Linkage Map


Utilizing F2 or BC1F1 populations from mutants and wild-type phenotypes for gene mapping and constructing a genetic linkage map is an effective method used in forward genetics to search for the genes controlling mutant phenotypes or traits, and to study the function of controlling genes and molecular marker-assisted selection in breeding. Many advances have been made in mapping mutant genes, such as in rice [103,104], cucumber [105], and B. napus [86,106,107]. Tobacco (Nicotiana tabacum L.), which has enormous genome, is an allotetraploid (2n = 4x = 48) species, including the S-genome and T-genome, respectively, from the diploid Nicotiana sylvestris and the diploid Nicotiana tomentosiformis [108,109]. In polyploids and a low number of polymorphism species, simple sequence repeat (SSR) markers or microsatellites can be used to identify more and higher levels of polymorphisms than other markers [110]. Therefore, SSR markers are suitable for gene mapping allotetraploid tobacco EMS mutants.



Genetic linkage maps have been constructed using SSR markers in tobacco. The first microsatellite markers’ linkage map of tobacco (Nicotiana tabacum L.) was generated by Bindler et al. [78], which mapped 282 functional microsatellite markers at 293 loci, spanning 1920 cM. In 2011, a high-density genetic map of tobacco was produced by Bindler et al. [73], and comprised 2317 microsatellite markers and 2363 loci, with a coverage of 3270 cM; this was accomplished in light of an F2 mapping population of the intervarietal cross, Hicks Broadleaf × Red Russian. A flue-cured tobacco genetic map was constructed, which contained 611 SSR loci of 24 tentative linkage groups, with overall coverage of 1882.1 cM; this map was based on newly developed and published [73] SSR markers, and a population of 207 double-haploid lines derived from a cross between two flue-cured tobacco varieties, Honghuadajinyuan and Hicks Broad Leaf [111]. Subsequently, the flue-cured tobacco high-density genetic map was completed, including 626 SSR loci of 24 linkage groups, with an overall coverage of 1120.45 cM, based on a backcross (BC1) population of 213 individuals from an intra-type cross between two flue-cured tobacco varieties, Y3 and K326 [112]. The single recessive NtTPN1 (Nicotiana tabacum Tolerance to PVY-induced Necrosis1) gene and the tobacco black shank resistance single dominant Ph gene were, respectively, located at LG13 and the top of LG20, using the SSR marker [73,113,114]. Based on SSR markers [73,112], one recessive ws1a locus of the tobacco ethyl methanesulfonate (EMS)-induced white stem 1 (ws1) mutant was located between the markers PT54006 and PT51778, with a genetic distance of 8.04 and 3.96 cM, respectively. The other recessive ws1b locus was located between the markers PT53716 and TM11187, with both genetic distances being 8.56 cM [70]. The single recessive YL1 locus of the EMS-induced tobacco premature leaf senescence mutant yellow leaf 1 (yl1) was located between the markers PT53066 and PT60305, with a genetic distance of 1.08 and 3.51 cM, respectively [74].




4.5. Limitations and Prospects of SSR Marker Gene Mapping for the sld Mutant in Tobacco


In this study, we obtained six tobacco SSR markers [73,78] with obvious and easily distinguishable polymorphisms on linkage group 5 for the gene mapping of the sld mutant gene in F2 and BC1F1 populations. Using the F2 population, the sld mutant locus was located between co-segregated markers PT51778, PT54913, and the marker PT61414, with both genetic distances being 0.16 cM (Figure 3b). Taking advantage of the BC1F1 population, the markers PT51778, PT54913, the sld locus, and the marker PT61414 were shown to be co-separated and located between the marker PT40040 and the marker PT60933, at a distance of 1.37 cM and 6.32 cM, respectively (Figure 3d).



When we further tried to use the draft genomes of N. tabacum (https://solgenomics.net/organism/Nicotiana_tabacum/genome (accessed on 10 March 2017)), released by Sierro et al. [115,116], to find SSR markers for fine localization of the sld gene, we found that the codominant SSR markers of the preliminary mapping were located in two adjacent scaffolds on LG5, respectively. This required us to search for other markers for fine localization of the sld gene. The development of high-throughput sequencing technology means that genetic maps constructed using SNP markers have higher coverage and resolution, meaning they are also suitable for allotetraploid flue-cured tobacco, which has an enormous genome. SNP high-density genetic linkage maps of N. tabacum, which are more saturated and contain a greater number of markers, have been constructed [117,118,119,120]. The SNPs of the map were assigned to the corresponding 24 LGs published [73]. EMS can randomly induce more single-nucleotide point mutations in the whole genome [121,122], which provides a reliable guarantee for finding co-dominant SNP markers closer to the sld gene.



Recently, Zan et al. [123] presented the first complete assembly, embracing the genetic and phenotypic data of a whole Nicotiana tabacum GenBank, of the allotetraploid Nicotiana tabacum nuclear genome. We realigned and reanalyzed the sequences of the markers PT54913 and PT61414 using the latest version of the Nicotiana tabacum nuclear genome, and found that the sld gene was located between 58602372 bp bases and 44601846 bp bases on chromosome 5. This became the material basis for further utilizing KASP technology for fine localization of the sld gene and the identification of candidate genes. These research results will contribute to better interpretations of the mechanisms of abnormal leaf and plant height development, thereby laying the foundation for the molecular breeding of various types of tobacco plant.
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Figure 1. Comparison of leaf phenotypes between the wild-type HD and the sld mutant. Leaf phenotypes of the wild-type HD at the euphylla cross of the seedling growth period. (a) Leaf phenotypes of the wild-type HD seedlings at the 3–5 leaves with one heart stage. (b) Leaf phenotypic vertical view of the wild-type HD at the rosette stage. (c) Leaf phenotypes of the sld mutant at the euphylla cross of the seedling growth period. (d) Leaf phenotypes of the sld mutant seedlings at the 3–5 leaves with one heart stage. (e) Leaf phenotypic vertical view of the sld mutant at the rosette stage. (f) Top view from the shoot apex of an individual plant (b,c,e,f). 
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Figure 2. Comparison of plant morphology and ANOVA of major agronomic characteristics. Wild-type HD and the sld mutant plants at the rosette stage, scale bar 1:10 cm (a). Wild-type HD and the sld mutant plants at the full flowering stage, scale bar 1:17 cm (b). The upper (U), middle (M) and lower (L) leaves of wild-type HD and the sld mutant at the flowering stage, scale bar 1:10 cm (c). Main agronomic characteristics of wild-type HD and the sld mutant at the flowering stage in Jimo. The data of each characteristic are the average value ± SD (standard derivation) of five individuals. *** indicates statistically significant difference, determined by Student’s t test at p < 0.001, between wild-type HD and the sld mutant (d). Main agronomic characteristics of wild-type HD and the sld mutant at the flowering stage in Zhucheng. The data of each characteristic are the average value ± SD (standard derivation) of five individuals. ** and *** indicate statistically significant difference, determined by Student’s t-test at 0.001 < p < 0.05 and p < 0.001, between wild-type HD and the sld mutant (e). 
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Figure 3. Genetic linkage map between the sld locus and tobacco SSR markers using F2 and BC1F1 mapping populations. The gel map showed that the sld locus from one recombinant plant of dwarf spiral individuals in the F2 population was linked to tobacco SSR marker PT60855. (a) Genetic linkage map of the sld locus linked to six tobacco SSR markers on linkage group 5, obtained using the F2 mapping population. The black bar means that the sld locus is located in the minimum interval of the linkage group. The marks above the linkage group bar represent the sld loci and the corresponding SSR markers, which are linked to the sld locus. The sld locus is labeled red. The numbers immediately below the linkage bar represent the genetic distance between two markers (between the marker and loci). The bottom numbers represent the amount of recombinant plants detected by each SSR marker. (b) The gel map showed that one recombinant plant of dwarf spiral individuals was detected in the BC1F1 population. Tobacco SSR marker PT51778 was linked to the sld locus. (c) Genetic linkage map of the sld locus and six tobacco SSR markers, whose relative positions were the same as those of the F2 mapping population, on linkage group 5, was obtained from the BC1F1 population. This validates that the tobacco SSR primers are linked, and that their corresponding linkage group is in the F2 mapping population. (d) M, DNA marker; *, recombinant individual; LG, linkage group; n, number of the recessive sld individuals in the mapping population; cM, centiMorgan. 
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Table 1. Genetic analysis of the spiral leaf and dwarf (sld) mutant based on HD × sld and G3 × sld crosses.
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	Parents and Populations
	No. of Plants
	No. of sld Mutant Phenotypes
	No. of Wild-Type Phenotypes
	Observed Separation Ratio
	Expected Ratio
	χ2 < χ20.05 = 3.841





	HD
	15
	0
	15
	-
	-
	-



	G3
	15
	0
	15
	-
	-
	-



	sld
	15
	15
	0
	-
	-
	-



	(HD × sld) F1
	15
	0
	15
	-
	-
	-



	(HD × sld) F2
	167
	40
	127
	1:3.18
	1:3
	0.098



	(G3 × sld) F1
	15
	0
	15
	-
	-
	-



	(G3 × sld) F2
	503
	112
	391
	1:3.49
	1:3
	2.005



	((G3 × sld) × sld) BC1F1
	392
	193
	199
	1:1.03
	1:1
	0.092







HD: Honghuadajinyuan tobacco variety; G3: Gexinsanhao tobacco variety.













 





Table 2. Polymorphic SSR primer sequences for the genetic linkage map of the sld mutant gene.
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	Marker Name
	Forward Primer (5′→3′)
	Reverse Primer (5′→3′)
	Repeat Motif
	Repeat

Number
	Number of

Detected Loci
	Genome





	PT60855
	TTCCTATCTTTCAATCTTAGATGTGTT
	TCCCTCTCATCGTCGCTATC
	GA
	33
	1
	B



	PT40040
	CGCCGTCTCTCTCTACTCCA
	TGGAAACTCTTTCCGTTTGA
	TA
	
	1
	



	PT51778
	AATGATCCAACAGAGCCCAG
	CACTTGCTGTCCATCTTCCA
	CA
	12
	1
	S



	PT54913
	TACCGACCAAACATTCATCG
	GAACAAATCCAGAAGTTGGGA
	TA
	9
	1
	S



	PT61414
	AAAGAAAGGAGGCATGCAAA
	CAATGACTAATAGAATCGGTTACAGG
	GA
	11
	1
	S



	PT60933
	AACGCATGTTAATTATGAGTTCAA
	TCGGAAGATTGAAATACGCC
	TA
	17
	1
	B







Note: PT40040 is from Bindler et al. [78], and the others are from Bindler et al. [73].
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