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Abstract

:

The doubled haploid (DH) technology is employed worldwide in various crop-breeding programs, especially maize. Still, restoring tassel fertility is measured as one of the major restrictive factors in producing DH lines. Colchicine, nitrous oxide, oryzalin, and amiprophosmethyl are common chromosome-doubling agents that aid in developing viable diploids (2n) from sterile haploids (n). Although colchicine is the most widely used polyploidy-inducing agent, it is highly toxic to mammals and plants. Therefore, there is a dire need to explore natural, non-toxic, or low-toxic cheaper and accessible substitutes with a higher survival and fertility rate. To the best of our knowledge, the advanced usage of human anticancer drugs “Paclitaxel (PTX)” and “Caffeine–Taurine (CAF–T)” for in vivo maize haploids doubling is being disclosed for the first time. These two antimitotic and antimicrotubular agents (PTX and CAF–T) were assessed under various treatment conditions compared to colchicine. As a result, the maximum actual doubling rates (ADR) for PTX versus colchicine in maize haploid seedlings were 42.1% (400 M, 16 h treatment) versus 31.9% (0.5 mM, 24 h treatment), respectively. In addition, the ADR in maize haploid seeds were CAF–T 20.0% (caffeine 2 g/L + taurine 12 g/L, 16 h), PTX 19.9% (100 μM, 24 h treatment), and colchicine 26.0% (2.0 mM, 8 h treatment). Moreover, the morphological and physiological by-effects in haploid plants by PTX were significantly lower than colchicine. Hence, PTX and CAF–T are better alternatives than the widely used traditional colchicine to improve chromosome-doubling in maize crop.
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1. Introduction


During the last century, the development of maize inbred lines relied on recurrent selfing and selection to reach the desired level of homozygosity [1]. It requires six-to-eight generations of selfing after crossing two parent lines. In contrast, the process of double haploid (DH) line production involves generating haploids (by crossing female source parent with an inducer) with only the gametic chromosomes, the identification of haploids from diploids, and the doubling of the chromosomes in the haploids. As a result, the DH line contains two sets of chromosomes that are exact replicas of each other [2,3]. The DH technology facilitates the rapid attainment of genetically homozygous, ~99% pure inbred lines with distinctive characteristics, uniformity, and stability from heterozygous germplasm in a single generation [4], which helps to achieve rapid varietal registration and secure breeders’ property [5]. The DH technology has been widely adopted as an effective alternative to conventional recurrent self-breeding. It is being used for upkeeping germplasm, discovering the genetic diversity in maize, and expanding the genetic base of exclusive top germplasm through novel variations [6,7,8]. During the development of conventional parental lines, plant breeders have to face different and complex challenges of segregation, linked undesirable traits, uncontrolled morphological variation, unpredicted traits, and an ambiguous selection of recessive unexpressed desired traits. During DH line development, higher heritability and genetic variance facilitate proper selection [5]. The DH technology overcomes obstacles during recurrent self-breeding and provides an efficient, cheaper, timely, and less laborious substitute. Doubled haploids achieved after doubling chromosomes are considered novel, highly uniform genotypes because of homozygosity at all loci [9]. During the last decade, the DH technology opened new avenues of research; for example, genetic engineering [10], marker-trait associated studies [11], genomics and transformation target [12], genome mapping [13], valuation of quantitative trait loci (QTL) × environmental interactions with precision [4], and QTL mapping [14]. The foremost applied approaches used in breeding to develop DH lines include androgenesis, wide hybridization, and gynogenesis [15].



Haploid plants are generally sterile [16], and their fertility can be restored spontaneously or/and by chromosomal doubling agents. Among popular chromosome doubling agents, colchicine is preferred over nitrous oxide (N2O) and antimitotic herbicides, such as benzamides (pronamide), dinitro–anilines (oryzalin and trifluralin), carbamates (chlorpropham and isopropyl N-3-chlorophenyl carbamate), and phosphor–thioimidates (aminoprophosmethyl/APM) due to its availability and well-developed protocols. These herbicides stop mitosis and cell division, leading to chromosome doubling [17], like colchicine [18,19]. In contrast, higher concentrations of trifluralin, APM, and oryzalin revealed equal results of chromosome doubling by colchicine in wheat during in vitro studies [9]. In maize, flufenacet, oryzalin, and trifluralin were assessed for double haploid production in vitro [20] and in vivo [21], but found unimpressive in terms of the combinations applied and concentrations used [22]. A high concentration of oryzalin significantly decreased callus regeneration; whereas, at a low concentration, oryzalin has been found ineffective regarding chromosome doubling [23]. Oryzalin had a lower survival rate than colchicine and APM but had better chromosome doubling rates than colchicine in maize [24]. Another alternative to colchicine developed by [25] employs N20, which is considered a comparatively safe and effective alternative [22], but the cost of N20 pressure chamber is relatively higher [25,26]. N20 exposure at 0.6 MPa (MegaPascal) on maize at V3–V8 growth stage revealed even potential regarding the doubling of chromosomes, but treatment of adult plants requires big chambers and pots for growth [26].



Colchicine is far more toxic than pronamide, trifluralin, N2O, APM, and oryzalin [22,24,25], requiring careful handling and disposal [16,21]. “The reported oral LD50 (lethal dose, 50%) values for pronamide range from 5620 to 8350 mg/kg, oryzalin 5000 (mg/kg), trifluralin >10,000 mg/kg, colchicine 5.8 mg/kg and APM 309 mg/kg in rats. However, the LD50 for PTX solid dispersion stated 160 mg/kg, which is ~28 times higher than colchicine.” Colchicine expresses low affinity with plant microtubules, which means required in higher concentrations [27,28]. However, it has revealed a high affinity with microtubules of vertebrates [17]. Recently, safer alternatives like N20 and anti-mitotic herbicides with equal efficacy of doubling chromosomes to toxic colchicine have been acknowledged. However, some basic limitations confine their usages, such as cost, availability, higher doses or concentrations, and unregistered sales, such as pronamide and APM in most African and Asian countries, limit their easy accessibility. The availability of such chemicals in high-quality pure grade is more expensive than colchicine and is limited [5]. No doubt these antimitotic herbicides (Pronamide, APM, trifluralin, and oryzalin) are comparatively less toxic but do not meet the expectations to reduce the cost per DH line. Paclitaxel (PTX) is an effective antineoplastic agent, originally extracted from the bark of Taxus brevifolia. Although it was generally considered a particular metabolite of Taxus spp., it was recently found in hazel cell cultures [27]. It is an intravenous injection to treat several cancers, including breast, cervical, and ovarian. The World Health Organization (WHO) has enlisted it among essential medicines due to its antitumor activity. According to Tel-Aviv University Safety Unit issue “Standard Operating Procedure for Paclitaxel (Taxol) in Animals,” it is considered a cytotoxic drug with no set safety standards of exposure. According to medical opinion, reducing exposure as much as possible is the best safety approach. Due to its lower solubility in water, a formulation is prepared by dehydrated ethanol (50:50, v/v) and cremophor EL, known as “Taxol” [27]. PTX is an antimitotic drug, which interferes in the normal function of microtubules, defects in chromosome segregation, spindle assembly, and cell division. Chromosomes do not achieve spindle configuration in metaphase, block further progress in mitosis, prolong cell-programmed death, or reverse the quiescent stage (G0) phase without cell division of the cell cycle. PTX with a functionary mechanism primarily inhibits the dynamics of microtubule spindle, deoxyribonucleic acid (DNA) repair, and control cell proliferation [29]. Microtubules consisting of two similar polypeptides (α and β tubulin dimers) are the key component of the cytoskeleton and mitotic apparatus in eukaryotic cells [30]. PTX can selectively bind to the subunit β of tubulin proteins and promote their polymerization and assembly. This polymerization consumes intracellular tubulin, stops the function of the cell, averts the formation of the spindle, causes profound mitotic arrest at G2/M phases, and eventually terminates mitosis [31]. It is also known as a cytoskeletal drug, which targets tubulin. It stabilizes the microtubule polymer and shields it from disassembly, whereas colchicine obstructs the microtubule assembly. It has been found to suppress detachment of microtubules from centrosomes, a normal process triggered during mitosis. In contrast to traditional anticancer drugs, PTX neither affects the synthesis of DNA and ribonucleic acid (RNA) in cancer cells nor damages DNA molecules [32].



Taurine is a non-essential amino acid containing sulfur called 2-amino-ethane-sulfonic acid [33]. It is a beneficial anticancer agent that inhibits reactive oxygen species (ROS) buildup in the tumor cells. It stops the advancement of cancer [34], maintains the concentration of calcium and stability of membranes, and sustains the process of phosphorylation [35,36]. It stimulates tumor suppressors p53 and phosphatase and tensin homolog (PTEN) [37]. Fluorescence studies revealed that taurine has a significant binding affinity with cyclin-dependent kinase 6 (CDK6), which is connected with cyclin partner and initiates a critical role in early phases of cancer development [38]. The muscle toxicities produced during chemotherapy in cancer patients can be reduced by taurine [39]. Taurine has an inhibitory concentration 50 (IC50) value equal to 4.44 μM and, according to an enzyme-inhibition assay, is considered a good inhibitor to treat cancers directed by CDK6 [38]. The supplemental taurine dose helps to protect C2C12 myoblasts against decreasing cell viability and moderately conserve the myotube differentiation capability of cisplatin-impaired myoblasts [39].



Caffeine can increase the early doubling of chromosomes and haploid plants, the androgenic induction, and spontaneously produce fertile plants [40]. It can impact cell division and phragmoplast microtubules during cytokinesis, observed by [41] in suspension-cultured cells, BY-2, of tobacco (Nicotiana tabacum “Bright Yellow 2”). Caffeine did not significantly affect the doubling of chromosomes in wheat anther culture. However, several caffeine treatments reported a higher frequency of chromosomes doubled plants [40]. Therefore, we decided to assess the efficacy of caffeine in combination with taurine for a higher chromosome doubling rate in our study.



Continuous efforts proceed to optimize cheaper, innovative, non-toxic, or less toxic chemical agents to improve chromosome-doubling efficiency with higher survival rates than colchicine. To meet this challenge, we designed an advanced study to explore the ability of PTX and caffeine–taurine (CAF–T) to induce chromosome doubling in maize haploids. A systematic approach was adopted, and multiple treatments with different processing times were designed based on replicated field trials to study the chromosomal doubling efficacy of PTX and CAF–T versus colchicine. Moreover, the impact of PTX versus colchicine on the morphology and physiology of haploid plants was assessed and analyzed through seed germination, photosynthetic pigments, plant and ear height, number of silks/ears, and plant weight.




2. Results


2.1. Experiment 1


Field Assessment-Based Comparative Efficiencies in Different Treatments of PTX Application


Under different concentrations and processing periods, the survival rate (SR), doubling rate (DR), and actual doubling rate (ADR) of PTX-treated haploid seeds and seedlings were analyzed. In addition, anthers emergence rate (AER), partial fertility rate (PFR), complete fertility rate (CFR), and total fertility rate (TFR) were also calculated based on four different types of tassels (Figure 1A) usually observed in the DH nursery field. The SRs were decreased with the increasing concentration and the processing time in both treatments of the seed-soaking method (M1) and seedling-immersion method (M2). While comparing the SR of seeds versus seedlings, M1 treatments (Figure 2A) were higher than M2 treatments (Figure 2B), which concluded that both coleoptile and root tips were more sensitive and affected by the chemical treatments. Hence, M1 is a better option than M2 to achieve higher SR.



In all treatments of M1, the highest DRs induced by PTX were 19.8% and 21.2% in the condition of 100 μM for 16 h and 24 h, respectively. However, both conditions for DR, ADR, PFR, CFR, and TFR were determined to be non-significantly different to each other. The M2 in PTX produced the highest DR of 54.3% and TFR of 75.2% in the condition of 400 μM for 16 h, followed by another treatment that produced a DR of 46.9% and TFR of 59.4% in the condition of 100 μM for 8 h. However, both conditions were statistically non-significant regarding ADR (42.1% and 42.2%, respectively). While comparing both M1 versus M2, M2 is a better line not only to yield higher DR (Figure 2C,D) but also ADR, AER, PFR, CFR, and TFR than M1 (Figure 2E–N). AER, PFR, and CFR induced by PTX were photographed (Figure 1B). The pollen fertility induced by PTX in haploid plants is shown in Figure 1D.





2.2. Experiment 2


2.2.1. Field Assessment-Based Comparative Efficiencies in Different Treatments of CAF-T Application


In Experiment 2, using different treatments and processing times, CAF–T application to maize haploid seeds was assessed through SR, DR, ADR, AER, PFR, CFR, and TFR (Figure 3A–G). The highest DR and TFR produced were 20.9% and 28.1%, respectively, in caffeine 2 g/L + taurine 12 g/L for 16 h (Figure 3B,G). However, the SR revealed by this treatment was 95.8% (Figure 3A), disclosing non-significant difference with control (CK). The SRs decreased non-significantly with the increasing concentration and the processing time in T1–T6 (except T5) of CAF–T versus CK. Hence, CAF–T disclosed its safe use for maize seeds. CAF–T did not show doubling efficiency in treatments of 4 g and 6 g, 16 h and all 24 h treatments (Figure 3B). However, AER was higher than doubling treatments (T1–T6) (Figure 3D), which might reveal the impact of higher concentrations of CAF–T and longer time exposure. AER, PFR, and CFR induced by CAF–T are displayed in Figure 1C. The pollen fertility induced by CAF–T in haploid plants is shown in Figure 1F.




2.2.2. Field Assessment-Based Comparative Efficiencies in Different Treatments of Colchicine Application


Two treatment methods, i.e., M1 and M2, were employed using different colchicine concentrations and processing time to calculate SR, DR, ADR, AER, PFR, CFR, and TFR (Figure 4A–N). In M1 and M2, the survival rates decreased with the increasing concentration and processing time. However, M1 treatments revealed higher SR than M2 treatments (Figure 4A,B). In M1, the highest DR induced by colchicine was 29.6%, with SR 87.7% in the condition of 2.0 mM for 8 h treatment, disclosing ADR 26.0% (Figure 4E).



In M2, the highest DR induced by colchicine was calculated 43.8% with SR 72.9% in the condition of 0.5 mM for 24 h treatment (Figure 4B,D), revealing ADR 31.9% (Figure 4F). Hence, M2 was found to be better than M1. Another treatment of M2 in the condition of 2.0 mM for 8 h revealed the highest AER and TFR 35.9% and 62.1%, respectively (Figure 4H,N) among all treatments. However, DR was only 26.2%, indicating the impact of sectoral diploidization.





2.3. Comparative DH Seed Quantity Produced by PTX, CAF-T versus Colchicine


In addition to fertility rates, the number of seeds on DH ears subsequent from each treatment was widely variable (Supplementary Tables S1 and S2). Mostly plants produced ≤ 5 seeds/ear. However, maximum number of seeds produced by PTX (M2), colchicine (M2), and CAF–T (M1) were counted as 115 (800 µM, 16 h), 95 (0.5 mM, 16 h), and 38 (1 g/L, 16 h), respectively (Figure 1E(a–c)). The following treatments of M1 treated by PTX produced 7 seeds (100 µM, 16 h), 13 seeds (100 µM, 24 h), 52 seeds (200 µM, 16 h), and 53 seeds (400 µM, 24 h; Figure 1E(d)) as well. Hence, PTX and CAF–T produced a comparatively higher seed count than standard colchicine treatment M2 (1.5 mM, 8 h) [16,42], which produced 21 seeds (Figure 1E(e)).




2.4. Experiment 4


Large-Scale (LS) Field Efficacy-Based Comparative Studies for Validation of the Best Treatment of PTX for DH Production Pipeline


To establish the efficacy of PTX versus colchicine, 1478 putative haploid seedlings from two populations were used in this experiment. PTX treatment presented consistent and significantly better SR, ADR, and TFR in both genotypes as compared to colchicine treatment (Figure 5A,B). However, DR and CFR were significantly higher in PTX than colchicine, and AER was significantly lower in PTX than colchicine in variety 1 (V1). The CFR in colchicine treatment was significantly higher than PTX, but AER presented by PTX treatment was significantly higher than standard colchicine treatment in variety 2 (V2). However, DR was non-significantly different in both PTX and colchicine in V2.





2.5. Experiment 5


2.5.1. Morphological Studies


Comparative Plant and Ear Height of Treated Maize Plants by PTX versus Colchicine and CK


The plant and ear height were significantly lower for both PTX and colchicine than CK in both the genotypes. However, PTX treatment was significantly better than colchicine treatment for both plant and ear height (Figure 6A and Figure 7A,B). Colchicine-treated seedlings exhibited delayed growth compared to PTX.




Comparative Silks Number/Ear Treated by PTX versus Colchicine and CK


The number of silks/ears was significantly lower for both PTX and colchicine than CK treatment in both genotypes. However, PTX treatment was significantly better than colchicine treatment for the number of silk/ear (Figure 6B and Figure 7C), which helps infer that PTX lower toxicity than colchicine will ensure a greater number of D0 seeds as proved above as well (Figure 1E). The count of silks per ear for 20 plants ranged between 220 and 255, 190 and 225, and 252 and 280 for PTX, colchicine, and CK, respectively, for V1. The count of silks per ear for 20 plants ranged between 227 and 270, 175 and 236, and 263 and 320 for PTX, colchicine, and CK, respectively, for V2 (Supplementary Tables S3 and S4).




Comparative Plant Weight and Root Growth Treated by PTX versus Colchicine and CK


Our experiment measured plant weight significantly less for PTX and colchicine than CK in both genotypes. However, PTX treatment was significantly better than colchicine treatment for plant weight (Figure 7D), which helps to deduce that PTX produced fewer toxic effects on plant growth. Plant weight measurements per plant ranged between 95.52 and 110.11 g, 63.92 and 85.56 g, and 129.95 and 147.54 g for PTX, colchicine, and CK, respectively, for Genotype V1. Plant weight measurements per plant ranged between 116.40 and 130.74 gm, 97.520 and 107.62 gm, and 140.12 and 160.24 gm for PTX, colchicine, and CK, respectively, for Genotype V2 (Supplementary Tables S5 and S6). Moreover, root growth was better for PTX than colchicine (Figure 6C).





2.5.2. Physiological Studies


Comparative Photosynthetic Pigments of Treated Seedlings by PTX versus Colchicine and CK


The chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (ChlT), and carotenoid (Cx) contents were significantly lower for both PTX and colchicine than CK in both the genotypes. However, PTX treatment was significantly better than colchicine treatment for Chla, Chlb, ChlT (Figure 7E,F), and Cx (Figure 7G).




Comparative Germination (%) Impact on Treated Seeds by PTX, CAF–T versus Colchicine


Moreover, to SR, we studied the effects of PTX and CAF–T versus colchicine on seed germination. However, the impact of colchicine on treated haploid maize seeds has not been reported. We selected the induced genotype (GO927 × 986) with Stock 6 inducer for this experiment because of its higher germination of about 97%.



	
Germination (%) Impact on Treated Seeds by PTX






Across all treatments (T1 to T12) of PTX, germination percentage decreased with increasing concentrations and processing time (Figure 8A). PTX-treated seed germination percentage was found to range from 95.7% to 86.8% across all respective seed-soaked treatments. PTX showed a non-significant effect on seed germination percentage from T1–T6 versus CK.



	2.

	
Germination (%) Impact on Treated Seeds by CAF–T







CAF–T-treated seed germination percentage was found between 96.2% and 77.8% across all respective seed-soaked treatments. CAF–T exhibited a non-significant impact on seed germination percentages on T1 and T2 versus CK (Figure 8B).



	3.

	
Germination (%) Impact on Treated Seeds by Colchicine







The colchicine-treated seed germination percentage ranged from 90.8% to 80.5% across all respective seed-soaked treatments (Figure 8C). In contrast, no colchicine treatment showed a non-significant effect versus CK; therefore, colchicine proved its more toxic effects on seed germination.



In conclusion, PTX revealed a lesser impact on seeds germination percentage versus colchicine.






2.6. Experiment 6


This experiment aimed to validate the chromosomes doubling induced by PTX and CAF–T in the field studies through the microscope.



2.6.1. PTX Induced Chromosome Doubling Signals Detected by Fluorescence in Situ Hybridization (FISH) Using Knob-2 as Probe


PTX Induced Chromosome Doubling by Seed-Soaking Method (M1)


The M1 revealed DR ranging from 60% to 80% across all treatments of PTX based on chromosome doubling count under the microscope using root tip cells.



Maximum DR in M1 achieved 80% by these treatments, i.e., PTX 800 μM 16 h, 24 h, and 48 h: PTX 200 μM 48 h (Figure 9A).




PTX-Induced Chromosome Doubling by Root-Immersion Method (M3)


The M3 showed DR ranging from 56.7% to 70.0% across all treatments of PTX. A maximum DR (70%) was achieved through M3 at concentrations of PTX 400 μM and 800 μM for 16 h (Figure 9B).



In conclusion, M1 exhibited better frequency and DR than M3. In addition, we noticed 48 h treatments were not exceptionally better than 24 h treatments both in M1 and M3. Therefore, it helps deduce that 48 h treatments cannot improve DR further but decrease SR. The CK treatment showed a spontaneous doubling ratio of about 3%. Hence, PTX proved effective in doubling chromosomes, as shown in Figure 10A,B.






2.7. Experiment 7


2.7.1. CAF–T-Induced Chromosome-Doubling Signals Detected by FISH Using Knob-2 as Probe


CAF–T-Induced Chromosome Doubling by Seed-Soaking Method (M1)


The M1 revealed DR ranging from 53.3% to 86.7% across all treatments of CAF–T based on chromosome doubling count under the microscope using root tip cells. The maximum DR in M1 was achieved at 86.7% by caffeine 2 g/L + taurine 12 g/L, 16 h (Figure 9C).




CAF–T-Induced Chromosome Doubling by Root-Immersion Method (M3)


The M3 disclosed DR ranging from 33.3% to 53.3% across all treatments of CAF–T. The maximum DR (53.3%) was achieved by M3 at a concentration of caffeine at 2 g/L and taurine at 12 g/L for 8 h; caffeine at 6 g/L and taurine at 36 g/L for 8 h; caffeine at 4 g/L and taurine at 24 g/L for 24 h; caffeine at 6 g/L and taurine at 36 g/L for 24 h; no further increases in ratios were observed (Figure 9D).



In conclusion, CAF–T-based M1 exhibited better frequency and DR than M3. In addition, we observed that 48 h treatments cannot improve DR further but decrease SR. Hence, CAF–T verified its efficacy in doubling chromosomes, as shown in Figure 10C.







3. Discussion


No standard set criteria are used to assess chromosomal doubling agents’ efficacy. Some studies were based on the microscopic chromosomal count [43], several results were established on the basis of seed production [5,44], many experiments were based on flow cytometry [24], and numerous researchers considered pollen production [45] as an indicator of successful chromosome doubling. We generated results based on field evaluation and assessment, as well as further confirmation through the microscope. Most researchers did not bother about the mortality of treated plants with toxic chemicals. However, [46] suggested three parameters named survival rate (SR), reproduction rate (RR), and overall success rate (OSR). Basically, to determine the efficacy of chromosome doubling agent and to achieve economically cheaper DH lines, two or three basic parameters are required, i.e., SR, fertility rate, and/or seed setting. Naturally, the haploid plants are weak and prone to several abiotic and biotic stresses [47]. The poor seed setting due to any biotic and abiotic factors, such as disease, temperature/heat, sunlight, irrigation, or rainfall, etc., can impact the efficacy of the chemical agent. Hence, we concentrated on two basic parameters, i.e., the SR and fertility rate, which determine the ADR = SR × DR. The OSR suggested by [46], and the ADR indicated by [24], are similar but differ in that OSR is based on survival and seed production, whereas ADR is based on survival and fertility. To assess the fertility and efficacy of chemical agents, we further divided the fertility rate into AER, PFR, and CFR. According to [48,49], AER is an effective parameter to determine fertility in haploids, but pollen-less anthers cannot pollinate. However, it can be considered as these plants have a potential probability of being fertile, but this might be due to genotypic or treatment effects that could not double all chromosomes. TFR predicts the success probability or potential of any treatment that might be underrated due to genotypic impact, treatment, and spontaneous chromosomal doubling. The genotypic influence [48] and spontaneous chromosomal doubling [50,51,52] impact on the efficacy of artificially induced chromosome doubling have been reported.



In our experiments, the CAF–T-based M1 disclosed SR ranges from 80.4% to 99% across all treatments. The PTX-based M1 and M2 showed SR ranges from 73.4% to 98.5% and 56.4% to 90.1%, respectively, whereas colchicine-based M1 and M2 revealed SR varies from 69% to 90.8% and 29% to 82.6%, respectively, across all treatments. After treatment with colchicine, the established seedlings can be only 40 to 80%, in which 10–30% diploids or false positives may be observed in the field [53]. The higher SR of PTX-treated maize seedlings revealed weaker inhibitory action of PTX than colchicine. Colchicine has a toxic effect that depends upon the germplasm’s background and the treatment method/process, leading to the loss of many treated seedlings during chromosomal doubling. In conclusion, M1 proved better SR than M2 in our studies and endorsed [24]. The CAF–T disclosed the highest SR and declared it the safest chromosome-doubling chemical for maize haploid seeds compared to PTX and colchicine.



The spontaneous doubling rate was 1.4% in Experiments 1, 2, and 3, which was very low and almost equal to the reported 1.5% [24]. However, germplasm used in Experiments 4, 6, and 7 revealed a spontaneous doubling rate of 3.1% (V1, Exp. 4), 5% (V2, Exp. 4), and 3.3% (Exp. 6 and 7), which was significantly much lower in CK than treated treatments by PTX, colchicine, and CAF–T. Spontaneous fertile plants from diverse maize germplasm groups revealed DR ranging from 0 to 16.7% in Iodent heterotic groups, Lancaster, and intra-pool crosses from Stiff Stalk [48]. The spontaneous fertility depends upon the maize genotypes [48,50,53].



Overall, M2 was more effective than M1 in achieving higher DR in our field experiments because many stem cells were exposed to chemical treatments leading to tassel fertility. M2 also proved better in tetraploids than M1 [54]. However, M1 was observed to be more effective in Experiments 6 and 7 than M3 because a considerable number of seed cells are in the phase of mitosis [24]. The difference in results of field experiments 1 and 2 versus microscopic experiments 6 and 7 is based on two reasons: seeds of two different genotypes were used in these experiments, and, in the microscopic Experiments 6 and 7, root cells were studied under the microscope. The comparative study of M2 versus M3 using antimitotic herbicides [21,46] and colchicine revealed poor success for M3 in field experiments [19,55,56]. Both immersions of roots and crown region exposing the shoot apical meristem cells were recorded as being more successful in achieving a higher OSR [5]. In our Experiments 1 and 3, overall, M1 revealed poor results compared to M2, similar to the studies conducted by [25,46]. Chalyk [45] also reported no fertility using M1. Successful colchicine treatment depends on exposure time, concentration, and contact with meristematic cells [54].



In M1, PTX, colchicine, and CAF–T exhibited an AER range from 4.9% to 16.6%, 4.7% to 32.8%, and 4.5% to 12.4% across all treatments. In M2-based experiments, PTX and colchicine displayed AER range from 5.9% to 28.7% and 7.8% to 35.9%, respectively, across all treatments. In diverse China and US germplasm, the reported AER with significant genetic variance varied from 9.8 to 89.8%. [51].



In the LS field efficacy-validation experiment, PTX and colchicine-treated maize seedlings showed an ADR of 37.7% and 19.2%, respectively, in V1, 20% and 14.5%, respectively, in V2, whereas [24] reported 20.64% of ADR by colchicine. The DR and AER are inversely proportional to each other in both genotypes because if DR is higher, AER may be reduced. However, if AER is higher, DR may be lower due to sectoral diploidization. According to [53], colchicine treatment may or may not ensure that all cells’ chromosomes are doubled, which is known as sectoral diploidization. The sectoral diploidization effect varies from genotype to genotype and colchicine application.



Haploid plant tassels cover a wide range of fertility, from one or two anthers shedding pollen to the complete tassel [22]. Therefore, we divided the fertility or DR into two types, i.e., PFR and CFR, to assess the doubling efficacy of the chemical agents. In LS, PTX showed PFR and CFR 29.4% and 24.5%, respectively; in V1, 16.6% and 11.2%, respectively, in V2, whereas colchicine showed PFR and CFR 17.1% and 20.7%, respectively, in V1, and 13.9% and 16.5%, respectively, in V2. Hence, PTX showed more CFR in V1 as compared to colchicine. There is a probability that 0–40% of colchicine-treated plants can have both silks and the ability to produce pollen (DR) for successful pollination among the remaining true haploids [53]. In Experiments 1 and 3, PTX and colchicine based M2 showed a maximum of DR 54.3% and 43.8%, respectively. In LS, PTX and colchicine showed DR 53.9% and 37.8% in V1, respectively, whereas PTX and colchicine-treated seedlings showed DR 27.8% and 30.4% in V2, respectively. Next, [24] calculated the highest doubling rate of 29.7% using colchicine, whereas it was reported in the same publication the colchicine chromosome doubling rates by studies of Wen’s and Liu’s 48.35% and 23.0%, respectively.



Colchicine, PTX, and CAF–T-treated M1 revealed a maximum DR of 21.2%, 29.6%, (0.08% for colchicine concentration for 8 h), and 20.9%, respectively, but colchicine induced 18% of DR at 0.06% colchicine for 12 h treatment [57,58,59,60]. CAF–T did not show doubling efficiency in treatments of 4 g and 6 g, as well as for 16 h and all 24 h treatments, which might reveal the impact of higher concentrations of CAF–T and longer time exposure. In addition, Ref. [61] also suggested caffeine as a fertility-inducing agent by root dipping of wheat with best-achieved results at the application of 3 g/L for 24 h.



PTX and CAF–T produced comparatively higher seed counts than colchicine. According to [53], only 30–50% of colchicine-treated haploid plants produce seeds. Another fact is that plants treated with chromosome-doubling chemicals like colchicine produced fewer seeds than spontaneously doubled haploid plants [62]. Toxic chemicals like colchicine further stress weak haploid plants [22]. Hence, we can conclude that bio-safe or less toxic chemicals are suitable for a higher seed setting as in our experiment PTX, and CAF–T produced more seeds per D1 ear. D1 ears’ ability to produce seeds varies widely. However, on average, four seeds per D1 ear by colchicine have been reported [48]. At CIMMYT, according to unpublished data, 40–60% of the D0 plants treated by colchicine produced more than 25 seed grains depending on the season, whereas the rest exhibited poor seed setting [22].



The colchicine effects on the morphology and physiology of treated maize haploid seeds or seedlings have not been reported. However, only SR of both maize haploid seeds and seedlings have been widely reported. In addition to SR, PTX unveiled less impact on seeds germination percentages as compared to colchicine. Severe effects of different colchicine concentrations were also reported in Phlox drummondi [63]. In Prunella vulgaris and Dendrocalumus brandisii, a higher colchicine concentration with longer processing times decreased the germination of seeds [64,65]. Colchicine-treated okra seeds’ germination was calculated 79.3%, which is significantly lower than untreated plants at 94.8% [66]. We found PTX treatment to be better than colchicine for plant weight, the number of silks/ear, and plant and ear height in both the genotypes. Then, Ref. [67] studied the impact of colchicine on plant height in Jimsonweed (Datura stramonium L.), which decreased linearly by increasing incubation time and the concentration of colchicine. A decrease in plant height in Abelmoschus esculentusalso (okra) and Phlox drummondi was measured due to colchicine effects [63,66]. Colchicine disclosed more adverse effects on the growth of seedlings than on root growth and seed germination in Dendrocalumus brandisii. Comparatively, colchicine revealed more negative effects regarding the degradation of sucrose than starch during the germination of seeds and seedling growth [65].



Chlorophyll is the most essential pigment for photosynthesis because it largely determines the process’s capacity and plant growth. The ChlT directly impacts the plants’ photosynthesis capacity [68]. The carotenoids have three considerable roles in photosynthesis: (a) A pigment to harvest accessory light, (b) Wavelengths range extension to facilitate light for the photosynthetic process, (c) Protection of achlorophyllous pigments from photo-destructive reaction [69]. Damage in chlorophyll and carotenoid contents decreases the efficacy of plants. Therefore, PTX damage to chlorophyll and carotenoids were significantly lesser than toxic colchicine in our study. Single-Stranded Oligonucleotides (SSONs) serve as probes that are a popular method for chromosome detection, painting, and identification [70] because of their versatility, high resolution, sensitivity, and cost effectivity [71]. SSON probes are used after labelling with detectable stable signals, and in our experiments, these signals confirmed the efficacy of PTX and CAF–T regarding the doubling of chromosomes.




4. Materials and Methods


4.1. Germplasm, Chemicals, Instruments and Experimental Locations


Maize haploids seeds were produced at the College of Agriculture, Guizhou University (26°25′21″ N, 106°40′09″ E), China. Haploid seeds were separated visually from diploids by an R1–nj anthocyanin marker expression on kernels. The required sample sizes were obtained from 16,400 putative haploid seeds for all experiments in this embodiment. The details of genotypes and experimental locations are demonstrated in Table S7.



All treatments were replicated thrice in Experiments 1, 2, and 3. Each replication has an average of 70 putative haploids—some treatments have more than 70 seeds/seedlings to ensure equal stand with lower-dosed treatments because higher doses affect plant stands. All three replications of each treatment were blocked in a randomized complete block design (RCBD), including Experiment 4. PTX was purchased from Peptide Biotechnology Co. Ltd., Xi’an, China, CAF–T from BANNY DEER at Wuhan East–Lake High Tech Region, China, and colchicine (98%) from Shanghai Macklin Biochemical Co. Ltd., Shanghai Chemical Industry Park, Shanghai, China. MAPADA P1 UV–Visible Spectrophotometer was purchased from Shanghai Mapada Instruments Co., Ltd. Shanghai, China.




4.2. Treatments & Concentrations


4.2.1. Experiment 1


The putative maize haploid seeds and seedlings (including roots and stem) were treated with PTX at 28 °C for 8, 16, and 24 h. The stock solution concentrations of PTX were used for chromosomal doubling, including 100 μM (0.085 g/L), 200 μM (0.170 g/L), 400 μM (0.341 g/L), and 800 μM (0.682 g/L). PTX is highly lipophilic and has a poor water solubility of less than 0.1 μg/mL, seriously affecting its bioavailability [72]. The method adopted to make PTX soluble was suggested by [73], with a surfactant tween-80 at the ratio of 1:3 diluted in required volume in addition to 2% DMSO (same for each treatment) as a penetrating agent; this was adjusted by distilled deionized water (ddH2O).




4.2.2. Experiment 2


The putative maize haploid seeds were soaked in CAF–T at 28 °C for 8, 16, and 24 h. The concentrations of CAF–T were used for chromosomal doubling, including caffeine at 1 g/L and taurine at 6 g/L, caffeine at 2 g/L and taurine at 12 g/L, caffeine at 4 g/L and taurine at 24 g/L, and caffeine at 6 g/L and taurine at 36 g/L, with 0.1% DMSO, which was adjusted by ddH2O.




4.2.3. Experiment 3


The putative maize haploid seeds and seedlings (including roots and stem) were treated with colchicine at 28 °C for 8, 16, and 24 h. The different concentrations of colchicine were used for chromosome doubling, including 0.5 mM (0.2 g/L), 1 mM (0.4 g/L), 1.5 mM (0.6 g/L), and 2 mM (0.8 g/L) [24] with 0.1% of DMSO, which was adjusted by ddH2O.




4.2.4. Experiments 4 and 5


LS field efficacy-based comparative study was designed to further authenticate the best treatment (concluded in Experiment 1) of the new chemical, i.e., PTX (400µM and 2% of DMSO and 1.02 mL/L of tween-80 for 16 h). The morphological and physiological measurements were also taken. The putative maize haploid seedlings from two populations, i.e., V1 and V2, were used to compare PTX with colchicine treatment (2 mM and 0.1% of DMSO for 8 h treatment) as the best treatment in Experiment 3 regarding TFR and also suggested by [5] and control (ddH2O).




4.2.5. Experiments 6 and 7


To verify the doubling of chromosomes under the microscope, the same concentrations of PTX and CAF–T (see Section 4.2.1) were used for seed soaking and root immersion for 8, 16, 24, and 48 h.





4.3. Methods


4.3.1. Seed-Soaking (Method 1/M1)


The putative maize haploid seeds were first soaked in ddH2O for 6 h at 28 °C, and then soaked in three chemical agents, i.e., PTX, CAF–T, and colchicine for 8, 16, and 24 h at 28 °C. After chemical treatments, seeds were rinsed with ddH2O for 30 min and shifted on a wet germination paper in an incubator with a maintained temperature of 28 °C [24]. Afterwards, the seedlings of 1–1.5 cm in length were transferred to trays.




4.3.2. Seedling-Immersion (Method 2/M2)


This protocol is a “standard seedling-immersion method” defined in the 1990s [19,43]. The putative maize haploid seeds were soaked in ddH2O at 28 °C for 6 h and shifted on a moist germination paper for 72–96 h in an incubator temperature maintained at 28 °C for germination. When the roots achieved their length up to 1 cm, a 28 °C temperature decreased to 24 °C in demand to make shoots grow. When shoots’ sizes increased up to 2 cm, the coleoptiles’ top 2–3 mm [24] and roots above 2 cm [53] were cut and dipped in distilled water for 30 min for stress recovery. Then, these seedlings were immersed in PTX and colchicine for 8, 16, and 24 h at 28 °C. Later, they were rinsed well, soaked in ddH2O for 30 min, and then shifted into trays for growing in the greenhouse.




4.3.3. Root-Immersion (Method 3/M3)


We followed the protocol of root immersion as suggested by [24]. The roots were immersed in the agents (PTX and CAF–T) for 8, 16, 24, and 48 h. Thirty seeds and seedlings (roots only) were treated to confirm the efficacy of each treatment under the microscope using Knob-2 probe.




4.3.4. Acclimatization of Seedlings in Greenhouse and Transplanting in Field


After respective treatments, seedlings were transplanted into trays filled with suitable soil composition, sand, peat, and compost with pH 6 to 6.5. Treated seedlings were grown in a greenhouse for 15 h of photoperiod during the day and maintained at about 26–28 °C and 24–28 °C at night. Nutrients and water were provided on a regular need basis. Gradually transferring the seedlings from lower light intensity to higher light intensity and higher-to-lower humidity helped acclimate the treated seedlings [9].



When survived seedlings achieved V2 leaf stage [5] more or less after 15 days (depending upon growth), they were transplanted [42,53] in the well-ploughed and prepared field. Transferring treated seedlings from the greenhouse to the field at V2 was a cautious and delicate process. Survived seedlings’ frequency mainly depends upon the treatment with chromosomal doubling agents and on growing condition, medium, genetic effect, technical equipment, and human skills [9]. The chimeric and weak maize seedlings required much-needed special care and attention, but these seedlings were not found to be useful. As a rule, these seedlings degenerated and did not survive in the greenhouse and field. Losses of seedlings lead due to hardening of seedlings [9]. The survived seedlings were grown to harvest and provided the best agronomy as recommended by [53]. Haploid plants are commonly weak [47], and chemical treatments enforce further stress. Therefore, they were handled with extreme care during and after chemical treatments and transplanting to harvesting. Pollen-producing plants were self-pollinated, and harvested seeds were visually observed at plant maturity for the marker (should have no marker color) to identify them as double haploids.




4.3.5. Experiments 6 and 7


The knob-2 probe used in our experiment was developed from tandem repeats of plasmid clones. The 180-base pair (bp) knob sequence was obtained by dividing the 180 bp knob sequence into three non-overlapping parts, each containing 59 nucleotides, and then modifying the 5’ ends with fluorescein amidites (FAM). The knob-2 probe sequence and maize chromosomes were prepared according to the protocol provided by [70]. This is the knob-2 probe sequence:



GAAGGCTAACACCTACGGATTTTTGACCAAGAAATGGTCTCCACCAGAAATCCAAAAAT



The fluorescence in situ hybridization (FISH) procedure was followed as described by [74].





4.4. Assessment Methodology and Data Collection Procedure


4.4.1. Experiments 1–4


In Experiments 1–4, the following parameters were documented: (a) Number of seeds or seedlings treated; (b) Germination percentage; (c) Number of survived Do plants at pollination; (d) Count of Do plants showed anthers only; (e) Sum of Do plants that exhibited partial fertility; (f) Number of plants presented complete fertility; (g) Number of false/wrong diploid plants; (h) Number of haploid plants. The following calculations were made in Experiments 1–4 and expressed in percentages (%).




	
Survival rate (SR) = count of survived plants at pollination/number of seedlings treated × 100 [46];



	
Doubling rate (DR) = sum of plants showed partial and/or complete fertility/count of haploid survived plants at pollination × 100;



	
Actual doubling rate (ADR) = SR × DR/100 [24];



	
Anthers emergence rate (AER) = number of plants showed anthers only/number of haploid plants survived at pollination × 100 [48,49];



	
Partial fertility rate (PFR) = number of plants that exhibited partial fertility/number of haploid plants that survived at pollination × 100;



	
Complete fertility rate (CFR) = number of plants presented complete fertility/number of haploid plants that survived at pollination ×100;



	
Total fertility rate (TFR) = AER + PFR + CFR.








In addition, seed setting data were also collected in Experiments 1–3 and expressed as follows; (a) Percentage of DH lines with 1–5 seeds; (b) Percentage of DH lines containing 6–25 seeds; Percentage of DH lines containing > 25 seeds [5]; Reproduction rate (RR); Overall success rate (OSR) [46].



	
Percentage of DH lines with 1–5 seeds = number of D0 plants/D1 ears produced 1–5 seeds/number of haploids survived plants at pollination × 100;



	
Percentage of DH lines containing 6–25 seeds = number of D0 plants/D1 ears produced 6–25 seeds/number of haploid survived plants at pollination × 100;



	
Percentage of DH lines containing > 25 seeds = number of D0 plants/D1 ears produced > 25 seeds/number of haploid survived plants at pollination × 100;



	
RR = number of D0 plants produced seeds/number of D0 survived haploid plants at pollination × 100;



	
OSR = number of D0 plants produced seeds/number of putative seeds/seedlings treated with chemical agent × 100.







4.4.2. Experiment 5


Morphological Studies


	
Plant and Ear Height, Plant Weight, and Number of Silks/Ear






Five plants per repeat were randomly selected (evading three plants at each plot beginning and end to exclude any impact) from each treatment and genotype. Plant and ear height were measured randomly from haploid and diploid (false positive) plants. Plant height was measured from the plant base or soil to the last collar leaf. Ear height measurements were obtained from the plant’s base (ground/soil) to the node-bearing upper ear. Plant and ear height data were measured from three replications and analyzed as means. Cut the plants from the ground surface and weigh them on a scale in grams (g). The mean plant weight and number of silks/ears were calculated from four replications.




Physiological Studies


	
Measurement of Photosynthetic Pigments (Chla, Chlb, ChlT, and Cx)






Maize leaf samples were obtained randomly at V2 leaf stage in each sample area and sealed in aluminum foil to measure in the laboratory via MAPADA P1 UV–Visible Spectrophotometer. Five random plants were selected from four different replicated plots from each treatment and genotype and analyzed as mean Chla, Chlb, ChlT, and Cx. With the aid of liquid nitrogen, 0.2 g of fresh leaf sample were ground into a powder and mixed into 1.5 mL of 95% ethanol [75,76]. The solution was mixed well and placed in darkness for 10 min. Afterwards, the solution was centrifuged at 8000–10,000 rpm for 8–10 min and the supernatant was separated at 1.2 mL in another glass tube for the spectrophotometer. Then, 1.2 mL 95% of ethanol were employed as a blank. The collected supernatant was measured for absorbance at 665, 649, and 470 nm in the spectrophotometer. The concentrations of Chla, Chlb, ChlT, and Cx were calculated in mg. g−1 using the following equations:


Chla = (13.95 × A665 − 6.88 × A649) × 1.5×10−3 ÷ 0.18,










Chlb = (24.96 × A649 − 7.32 ×A665) × 1.5×10−3 ÷ 0.18,










ChlT = Chla + Chlb,










Cx= (1000 × A470 − 2.05 × Chla − 114.8 Chlb) ÷ 245 × 1.5×10−3 ÷ 0.18,











The leaf samples were obtained in such a way as to avoid unbiased results; 20 leaf samples were obtained from four replicated plots.



	2.

	
Germination Percentages







The impact of PTX and CAF–T versus colchicine on seed germination was assessed and calculated as the count of germinated seedlings/total number of treated seeds × 100.





4.4.3. Experiments 6 and 7


For each maize seed or root treated with PTX or CAF–T, a slide of root cells was prepared, and 300 cells/slide were observed for maize chromosomes. Knob-2 probe signals counted under Olympus BX53 fluorescence microscope. The images were obtained with Olympus DP80 camera. The following data parameters were observed and recorded: (a) Total number of maize haploid seeds/roots were treated; (b) The number of treated seeds or roots doubled with 5–10% cells. The percentage of treated seeds/roots doubled was calculated as the sum of treated seeds or roots with cells doubled up to 5–10% and divided by the number of seeds or roots treated × 100.





4.5. Statistical Analysis and Graphics Improvement


In Experiments 1 to 5, the results of all three or four replications (n = 3 or n = 4) were expressed in graphs based on standard error (SE). The mean comparison was made by the “Tukey’s Honestly Significant Difference (HSD)” test at p ≤ 0.05, following the Analysis of Variance (ANOVA). All replicated data were analyzed via IBM SPSS Statistics 21.0 software. The graphics software known as “Origin” was applied to improve graphics (Version 2022, Origin Lab. Corporation, Northampton, MA, USA).





5. Conclusions


PTX produced better results than the widely used toxic traditional chemical agent (colchicine) to improve chromosome-doubling success rates and survivability. The ADR for PTX and colchicine in maize haploid seedlings were 42.1% (400 M, 16 h treatment) and 31.9% (0.5 mM, 24 h treatment), respectively. The ADR induced in maize haploid seeds by colchicine, CAF–T, and PTX were 26% (2.0 mM, 8 h treatment), 20% (caffeine 2 g/L + taurine 12 g/L, 16 h), and 19.9% (100 μM for 24 h treatment), respectively. PTX and CAF–T offer occupational health, operational ease, and disposal. PTX guarantees a cost-effective and better rate of doubling haploid plants at lower concentrations. Optimizing chromosomal doubling protocols based on less toxic or bio-safe chemicals like PTX and CAF–T will further enhance the overall efficiency of DH production. The morphological and physiological effects produced in haploid plants by PTX were significantly lower than toxic colchicine. PTX will improve the quantity of D0 lines seeds, which may exterminate the requirement to increase D1 lines seeds, thereby saving time and cost of the additional cycle to multiply seeds.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241914659/s1.





Author Contributions


The work presented here was a collaborative study of all the authors. S.A. prepared and executed the experiments and wrote and kept working on the revised version of the manuscript. Q.A. and M.W. helped with the data analysis and graphics improvement. G.M. helped with manuscript modification. Z.M. and Y.Y. designed the project, revised the manuscript, and obtained the funds to support this project. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (31571580), the Fundamental Research Funds for the Central Universities (KYTZ201402), and the Outstanding Scientific Innovation Team Program for Jiangsu Universities (2015).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are already discussed in the main manuscript and Supplementary Files.




Acknowledgments


We are grateful to Guangxiao Bai (College of Agriculture, Guizhou University, China), who provided the haploid seeds for the experiments of this study. Thanks to Hong Ren (Guizhou Institute of Upland Food Crops, Guizhou Academy of Agricultural Sciences, China), helped with manuscript modification.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hallauer, A.R.; Carena, M.J.; Miranda Filho, J.B.D. Quantitative Genetics in Maize Breeding; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2010; Volume 6. [Google Scholar]

	



Jacquier, N.M.A.; Gilles, L.M.; Martinant, J.-P.; Rogowsky, P.M.; Widiez, T. Maize in planta haploid inducer lines: A cornerstone for doubled haploid technology. In Doubled Haploid Technol.; Humana: New York, NY, USA, 2021; pp. 25–48. [Google Scholar]

	



Chaikam, V.; Prasanna, B.M. Doubled Haploid Technology for Rapid and Efficient Maize Breeding. In Accelerated Plant Breeding, Volume 1: Cereal Crops; Springer: Berlin/Heidelberg, Germany, 2020; pp. 257–292. [Google Scholar]

	



Yan, G.; Liu, H.; Wang, H.; Lu, Z.; Wang, Y.; Mullan, D.; Hamblin, J.; Liu, C. Accelerated generation of selfed pure line plants for gene identification and crop breeding. Front. Plant Sci. 2017, 8, 1786. [Google Scholar] [CrossRef]

	



Chaikam, V.; Gowda, M.; Martinez, L.; Ochieng, J.; Omar, H.A.; Prasanna, B.M. Improving the efficiency of colchicine-based chromosomal doubling of maize haploids. Plants 2020, 9, 459. [Google Scholar] [CrossRef]

	



Böhm, J.; Schipprack, W.; Utz, H.F.; Melchinger, A.E. Tapping the genetic diversity of landraces in allogamous crops with doubled haploid lines: A case study from European flint maize. Theor. Appl. Genet. 2017, 130, 861–873. [Google Scholar] [CrossRef]

	



Brauner, P.C.; Schipprack, W.; Utz, H.F.; Bauer, E.; Mayer, M.; Schön, C.-C.; Melchinger, A.E. Testcross performance of doubled haploid lines from European flint maize landraces is promising for broadening the genetic base of elite germplasm. Theor. Appl. Genet. 2019, 132, 1897–1908. [Google Scholar] [CrossRef]

	



Melchinger, A.E.; Böhm, J.; Utz, H.F.; Müller, J.; Munder, S.; Mauch, F.J. High-throughput precision phenotyping of the oil content of single seeds of various oilseed crops. Crop Sci. 2018, 58, 670–678. [Google Scholar] [CrossRef]

	



Kanbar, O.Z.; Lantos, C.; Pauk, J. In vitro anther culture as efficiently applied technique for doubled haploid production of wheat (Triticum aestivum L.). Ratar. I Povrt. 2021, 58, 31–45. [Google Scholar] [CrossRef]

	



Ravi, M.; Chan, S.W.L. Haploid plants produced by centromere-mediated genome elimination. Nature 2010, 464, 615–618. [Google Scholar] [CrossRef]

	



Sorrells, M.E.; Gustafson, J.P.; Somers, D.; Chao, S.; Benscher, D.; Guedira-Brown, G.; Huttner, E.; Kilian, A.; McGuire, P.E.; Ross, K. Reconstruction of the Synthetic W7984× Opata M85 wheat reference population. Genome 2011, 54, 875–882. [Google Scholar] [CrossRef]

	



Murovec, J.; Bohanec, B. Haploids and doubled haploids in plant breeding. In Plant Breeding; Abdurakhmonov, I., Ed.; InTech Europe: Rijeka, Croatia, 2012; pp. 87–106. ISBN 978-953-307-932-5. [Google Scholar]

	



Hao, M.; Chen, J.; Zhang, L.; Luo, J.; Yuan, Z.; Yan, Z.; Zhang, B.; Chen, W.; Wei, Y.; Zhang, H. The genetic study utility of a hexaploid wheat DH population with non-recombinant A-and B-genomes. SpringerPlus 2013, 2, 131. [Google Scholar] [CrossRef]

	



Shi, Y.G.; Lian, Y.; Shi, H.W.; Wang, S.G.; Fan, H.; Sun, D.Z.; Jing, R.L. Dynamic analysis of QTLs for green leaf area duration and green leaf number of main stem in wheat. Cereal Res. Commun. 2019, 47, 250–263. [Google Scholar] [CrossRef]

	



Dunwell, J.M. Haploids in flowering plants: Origins and exploitation. Plant Biotechnol. J. 2010, 8, 377–424. [Google Scholar] [CrossRef]

	



Chaikam, V.; Mahuku, G.; Prasanna, B.M. Chromosome Doubling of Maternal Haploids; CIMMYT: Texcoco, Mexico, 2012. [Google Scholar]

	



Dhooghe, E.; Van Laere, K.; Eeckhaut, T.; Leus, L.; Van Huylenbroeck, J. Mitotic chromosome doubling of plant tissues in vitro. Plant Cell Tissue Organ Cult. (PCTOC) 2011, 104, 359–373. [Google Scholar] [CrossRef]

	



Chase, S.S. Monoploids and monoploid-derivatives of maize (Zea mays L.). Bot. Rev. 1969, 35, 117–168. [Google Scholar] [CrossRef]

	



Deimling, S.; Röber, F.K.; Geiger, H.H. Methodology and genetics of in vivo haploid induction in maize. Vortr. Pflanzenzüchtg 1997, 38, 203–224. [Google Scholar]

	



Wan, Y.; Duncan, D.R.; Rayburn, A.L.; Petolino, J.F.; Widholm, J.M. The use of antimicrotubule herbicides for the production of doubled haploid plants from anther-derived maize callus. Theor. Appl. Genet. 1991, 81, 205–211. [Google Scholar] [CrossRef] [PubMed]

	



Melchinger, A.E.; Brauner, P.C.; Böhm, J.; Schipprack, W. In vivo haploid induction in maize: Comparison of different testing regimes for measuring haploid induction rates. Crop Sci. 2016, 56, 1127–1135. [Google Scholar] [CrossRef]

	



Chaikam, V.; Molenaar, W.; Melchinger, A.E.; Boddupalli, P.M. Doubled haploid technology for line development in maize: Technical advances and prospects. Theor. Appl. Genet. 2019, 132, 3227–3243. [Google Scholar] [CrossRef]

	



Duncan, D.R.; Widholm, J.M. Differential response to potassium permanganate of regenerable and of non-regenerable tissue cell walls from maize callus cultures. Plant Sci. 1989, 61, 91–103. [Google Scholar] [CrossRef]

	



Ren, X. Doubling effect of anti-microtubule herbicides on the maize haploid. Emir. J. Food Agric. 2018, 30, 903–908. [Google Scholar] [CrossRef]

	



Molenaar, W.S.; Schipprack, W.; Melchinger, A.E. Nitrous Oxide-Induced Chromosome Doubling of Maize Haploids. Crop Sci. 2018, 58, 650–659. [Google Scholar] [CrossRef]

	



Kato, A.; Geiger, H.H. Chromosome doubling of haploid maize seedlings using nitrous oxide gas at the flower primordial stage. Plant Breed. 2002, 121, 370–377. [Google Scholar] [CrossRef]

	



Morejohn, L.C.; Bureau, T.E.; Tocchi, L.P.; Fosket, D.E. Resistance of Rosa microtubule polymerization to colchicine results from a low-affinity interaction of colchicine and tubulin. Planta 1987, 170, 230–241. [Google Scholar] [CrossRef] [PubMed]

	



Morejohn, L.C.; Bureau, T.E.; Tocchi, L.P.; Fosket, D.E. Tubulins from different higher plant species are immunologically nonidentical and bind colchicine differentially. Proc. Natl. Acad. Sci. USA 1984, 81, 1440–1444. [Google Scholar] [CrossRef] [PubMed]

	



Khanna, C.; Rosenberg, M.; Vail, D.M. A review of paclitaxel and novel formulations including those suitable for use in dogs. J. Vet. Intern. Med. 2015, 29, 1006–1012. [Google Scholar] [CrossRef] [PubMed]

	



Fong, K.-W.; Leung, J.W.-C.; Li, Y.; Wang, W.; Feng, L.; Ma, W.; Liu, D.; Songyang, Z.; Chen, J. MTR120/KIAA1383, a novel microtubule-associated protein, promotes microtubule stability and ensures cytokinesis. J. Cell Sci. 2013, 126, 825–837. [Google Scholar] [CrossRef]

	



Snyder, J.P.; Nettles, J.H.; Cornett, B.; Downing, K.H.; Nogales, E. The binding conformation of Taxol in β-tubulin: A model based on electron crystallographic density. Proc. Natl. Acad. Sci. USA 2001, 98, 5312–5316. [Google Scholar] [CrossRef]

	



Yan-Hua, Y.; Jia-Wang, M.A.O.; Xiao-Li, T.A.N. Research progress on the source, production, and anti-cancer mechanisms of paclitaxel. Chin. J. Nat. Med. 2020, 18, 890–897. [Google Scholar]

	



Lourenco, R.; Camilo, M.E. Taurine: A conditionally essential amino acid in humans? An overview in health and disease. Nutr Hosp 2002, 17, 262–270. [Google Scholar]

	



Mates, J.M.; Segura, J.A.; Alonso, F.J.; Marquez, J. Sulphur-containing non enzymatic antioxidants: Therapeutic tools against cancer. Front. Biosci.-Sch. 2012, 4, 722–748. [Google Scholar] [CrossRef]

	



Kilb, W.; Fukuda, A. Taurine as an essential neuromodulator during perinatal cortical development. Front. Cell. Neurosci. 2017, 11, 328. [Google Scholar] [CrossRef]

	



Morales-Borge, R.H.; González, M.J.; Gupta, R.C.; Ayeotan, O. Taurine as Anticancer and Antiviral: Case Report and Prospective Update. Cancer Case Rep. 2020, 1, 1–14. [Google Scholar] [CrossRef]

	



He, F.; Ma, N.; Midorikawa, K.; Hiraku, Y.; Oikawa, S.; Mo, Y.; Zhang, Z.; Takeuchi, K.; Murata, M. Anti-cancer mechanisms of taurine in human nasopharyngeal carcinoma cells. In Taurine 11; Springer: Berlin/Heidelberg, Germany, 2019; pp. 533–541. [Google Scholar]

	



Yousuf, M.; Shamsi, A.; Mohammad, T.; Azum, N.; Alfaifi, S.Y.M.; Asiri, A.M.; Mohamed Elasbali, A.; Islam, A.; Hassan, M.I.; Haque, Q.M.R. Inhibiting Cyclin-Dependent Kinase 6 by Taurine: Implications in Anticancer Therapeutics. ACS Omega 2022, 7, 25844–25852. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Lu, R.; Huang, C.; Lin, D. Taurine protects C2C12 myoblasts from impaired cell proliferation and myotube differentiation under cisplatin-induced ROS exposure. Front. Mol. Biosci. 2021, 8, 685362. [Google Scholar] [CrossRef]

	



Broughton, S.; Castello, M.; Liu, L.; Killen, J.; Hepworth, A.; O’Leary, R. The effect of caffeine and trifluralin on chromosome doubling in wheat anther culture. Plants 2020, 9, 105. [Google Scholar] [CrossRef]

	



Yasuhara, H. Caffeine inhibits callose deposition in the cell plate and the depolymerization of microtubules in the central region of the phragmoplast. Plant Cell Physiol. 2005, 46, 1083–1092. [Google Scholar] [CrossRef] [PubMed]

	



Prigge, V.; Melchinger, A.E. Production of haploids and doubled haploids in maize. In Plant cell culture protocols; Springer: Berlin/Heidelberg, Germany, 2012; pp. 161–172. [Google Scholar]

	



Gayen, P.; Madan, J.K.; Kumar, R.; Sarkar, K.R. Chromosome doubling in haploids through colchicine. Maize Genet. Coop. Newsl. 1994, 68, 65. [Google Scholar]

	



Eder, J.; Chalyk, S. In vivo haploid induction in maize. Theor. Appl. Genet. 2002, 104, 703–708. [Google Scholar] [CrossRef] [PubMed]

	



Chalyk, S.T. Obtaining fertile pollen in maize maternal haploids. Maize Genet. Coop. Newsl. 2000, 74, 17–18. [Google Scholar]

	



Melchinger, A.E.; Molenaar, W.S.; Mirdita, V.; Schipprack, W. Colchicine alternatives for chromosome doubling in maize haploids for doubled-haploid production. Crop Sci. 2016, 56, 559–569. [Google Scholar] [CrossRef]

	



Mahuku, G. Putative DH Seedlings: From the Lab to the Field; CIMMYT: Texcoco, Mexico, 2012. [Google Scholar]

	



Kleiber, D.; Prigge, V.; Melchinger, A.E.; Burkard, F.; San Vicente, F.; Palomino, G.; Gordillo, G.A. Haploid fertility in temperate and tropical maize germplasm. Crop Sci. 2012, 52, 623–630. [Google Scholar] [CrossRef]

	



Ren, J.; Wu, P.; Tian, X.; Lübberstedt, T.; Chen, S. QTL mapping for haploid male fertility by a segregation distortion method and fine mapping of a key QTL qhmf4 in maize. Theor. Appl. Genet. 2017, 130, 1349–1359. [Google Scholar] [CrossRef]

	



Chaikam, V.; Gowda, M.; Nair, S.K.; Melchinger, A.E.; Boddupalli, P.M. Genome-wide association study to identify genomic regions influencing spontaneous fertility in maize haploids. Euphytica 2019, 215, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Wu, P.; Ren, J.; Tian, X.; Lübberstedt, T.; Li, W.; Li, G.; Li, X.; Chen, S. New insights into the genetics of haploid male fertility in maize. Crop Sci. 2017, 57, 637–647. [Google Scholar] [CrossRef]

	



Ma, H.; Li, G.; Würschum, T.; Zhang, Y.; Zheng, D.; Yang, X.; Li, J.; Liu, W.; Yan, J.; Chen, S. Genome-wide association study of haploid male fertility in maize (Zea mays L.). Front. Plant Sci. 2018, 9, 974. [Google Scholar] [CrossRef] [PubMed]

	



Prasanna, B.M.; Chaikam, V.; Mahuku, G. Doubled Haploid Technology in Maize Breeding: Theory and Practice; CIMMYT: Texcoco, Mexico, 2012. [Google Scholar]

	



Ghotbi Ravandi, E.; Rezanejad, F.; Zolala, J.; Dehghan, E. The effects of chromosome-doubling on selected morphological and phytochemical characteristics of Cichorium intybus L. J. Hortic. Sci. Biotechnol. 2013, 88, 701–709. [Google Scholar] [CrossRef]

	



Jensen, C. Chromosome Doubling Techniques in Haploids. In Haploids in Higher Plants: Advances and Potential; The University of Guelph: Guelph, ON, Canada, 1974; pp. 151–190. [Google Scholar]

	



Inagaki, M.N. Doubled haploid production in wheat through wide hybridization. In Doubled Haploid Production in Crop Plants; Springer: Berlin/Heidelberg, Germany, 2003; pp. 53–58. [Google Scholar]

	



Davarnejad, R.; Moraveji, M.K.; Havaie, M. Integral technique for evaluation and optimization of Ni (II) ions adsorption onto regenerated cellulose using response surface methodology. Arab. J. Chem. 2018, 11, 370–379. [Google Scholar] [CrossRef]

	



Jiang, M.; Wu, H.; Li, Z.; Ji, D.; Li, W.; Liu, Y.; Yuan, D.; Wang, B.; Zhang, Z. Highly selective photoelectrochemical conversion of carbon dioxide to formic acid. ACS Sustain. Chem. Eng. 2018, 6, 82–87. [Google Scholar] [CrossRef]

	



Khaleel, C.; Tabanca, N.; Buchbauer, G. α-Terpineol, a natural monoterpene: A review of its biological properties. Open Chem. 2018, 16, 349–361. [Google Scholar] [CrossRef]

	



Sankarganesh, M.; Rajesh, J.; Kumar, G.G.V.; Vadivel, M.; Mitu, L.; Kumar, R.S.; Raja, J.D. Synthesis, spectral characterization, theoretical, antimicrobial, DNA interaction and in vitro anticancer studies of Cu(II) and Zn(II) complexes with pyrimidine-morpholine based Schiff base ligand. J. Saudi Chem. Soc. 2018, 22, 416–426. [Google Scholar] [CrossRef]

	



Thomas, J.; Chen, Q.; Howes, N. Chromosome doubling of haploids of common wheat with caffeine. Genome 1997, 40, 552–558. [Google Scholar] [CrossRef]

	



Chaudhary, H.K.; Badiyala, A.; Jamwal, N.S. New frontiers in doubled haploidy breeding in wheat. Agric. Res. J. 2015, 52, 1–12. [Google Scholar] [CrossRef]

	



Tiwari, A.K.; Mishra, S.K. Effect of colchicine on mitotic polyploidization and morphological characteristics of Phlox drummondi. Afr. J. Biotechnol. 2012, 11, 9336–9342. [Google Scholar] [CrossRef]

	



Kwon, S.-J.; Roy, S.K.; Cho, K.-Y.; Moon, Y.-J.; Woo, S.-H.; Kim, H.-H. Effect of Colchicine on the Induction of Prunella vulgaris for. albiflora Nakai. Korean J. Crop Sci. 2015, 60, 107–113. [Google Scholar] [CrossRef]

	



Lv, Z.; Zhu, F.; Jin, D.; Wu, Y.; Wang, S. Seed Germination and Seedling Growth of Dendrocalumus brandisii in vitro, and the Inhibitory Mechanism of Colchicine. Front. Plant Sci. 2021, 12, 784581. [Google Scholar] [CrossRef] [PubMed]

	



Megbo, B.C. The physiological effects of colchicine in Okra, Hibiscus esculentus L, plant growth and development. Int. J. Sci. Eng. Res. 2010, 1, 29–33. [Google Scholar]

	



Amiri, S.; Kazemitabaar, S.K.; Ranjbar, G.; Azadbakht, M. The effect of trifluralin and colchicine treatments on morphological characteristics of jimsonweed (Datura stramonium L.). Trakia J. Sci. 2010, 8, 47–61. [Google Scholar]

	



Li, Y.; He, N.; Hou, J.; Xu, L.; Liu, C.; Zhang, J.; Wang, Q.; Zhang, X.; Wu, X. Factors influencing leaf chlorophyll content in natural forests at the biome scale. Front. Ecol. Evol. 2018, 6, 64. [Google Scholar] [CrossRef]

	



Cogdell, R.J. Carotenoids in photosynthesis. Philos. Trans. R. Soc. London. B Biol. Sci. 1978, 284, 569–579. [Google Scholar] [CrossRef]

	



Zhu, M.; Du, P.; Zhuang, L.; Chu, C.; Zhao, H.; Qi, Z. A simple and efficient non-denaturing FISH method for maize chromosome differentiation using single-strand oligonucleotide probes. Genome 2017, 60, 657–664. [Google Scholar] [CrossRef]

	



Han, Y.; Zhang, T.; Thammapichai, P.; Weng, Y.; Jiang, J. Chromosome-specific painting in Cucumis species using bulked oligonucleotides. Genetics 2015, 200, 771–779. [Google Scholar] [CrossRef]

	



Surapaneni, M.S.; Das, S.K.; Das, N.G. Designing Paclitaxel drug delivery systems aimed at improved patient outcomes: Current status and challenges. Int. Sch. Res. Not. 2012, 2012, 623139. [Google Scholar] [CrossRef]

	



Shanmugam, S.; Im, H.T.; Sohn, Y.T.; Kim, Y.-I.; Park, J.-H.; Park, E.-S.; Woo, J.S. Enhanced oral bioavailability of paclitaxel by solid dispersion granulation. Drug Dev. Ind. Pharm. 2015, 41, 1864–1876. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.Z. Development and Characterization of Small Segmental Translocations of Thinopyrum Bessarabicum and Cytological Mapping of Interesting Genes. Master’s Thesis, Nanjing Agricultural University, Nanjing, China, 2013. [Google Scholar]

	



Su, S.; Zhou, Y.; Qin, J.G.; Yao, W.; Ma, Z. Optimization of the method for chlorophyll extraction in aquatic plants. J. Freshw. Ecol. 2010, 25, 531–538. [Google Scholar] [CrossRef]

	



Webb, D.J.; Burnison, B.K.; Trimbee, A.M.; Prepas, E.E. Comparison of chlorophyll a extractions with ethanol and dimethyl sulfoxide/acetone, and a concern about spectrophotometric phaeopigment correction. Can. J. Fish. Aquat. Sci. 1992, 49, 2331–2336. [Google Scholar] [CrossRef]








[image: Ijms 24 14659 g001] 





Figure 1. Paclitaxel (PTX) and Caffeine–Taurine (CAF-T) fertility and seed-setting efficacy. (A) Four types of maize tassels (a) Sterile, (b) Pollenless anthers, (c) Partially fertile, and (d) Complete fertile tassel in the DH field. (B) PTX-induced fertility (a) Anthers only, (b) Partial fertility, (c) Complete fertility. (C) CAF–T-induced fertility (a) Anthers only, (b) Partial fertility, (c) Complete fertility. (D) Effective pollen fertility induced by PTX. (E) Maximum DH seed quantity produced by (a) PTX seedling inversion method (M2), (b) Colchicine M2, (c) CAF-T seed soaking method (M1), (d) PTX M1, and (e) Standard colchicine treatment. (F) Effective pollen fertility induced by CAF-T. 
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Figure 2. Paclitaxel (PTX) seed-soaking method (M1) versus seedling-immersion method (M2) efficacy. (A) Seed SR (survival rate), (B) Seedling SR, (C) Seed DR (doubling rate), (D) Seedling DR, (E) Seed ADR (actual doubling rate), (F) Seedling ADR, (G) Seed AER (anthers emergence rate), (H) Seedling AER, (I) Seed PFR (partial fertility rate), (J) Seedling PFR, (K) Seed CFR (complete fertility rate), (L) Seedling CFR, (M) Seed TFR (total fertility rate), (N) Seedling TFR. CK = control; this treatment is identical to all other treatments, but PTX, Di-methyl Sulfoxide (DMSO), and tween-80 solution were replaced by distilled deionized water (ddH2O). Different small letters on bars represent the significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard error of the mean (n = 3). 
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Figure 3. Caffeine–Taurine (CAF–T) seed-soaking method efficacy. (A) Seed SR (survival rate), (B) Seed DR (doubling rate), (C) Seed ADR (actual doubling rate), (D) Seed AER (anthers emergence rate), (E) Seed PFR (partial fertility rate), (F) Seed CFR (complete fertility rate), (G) Seed TFR (total fertility rate). CK = control; this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced CAF–T and Di-methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard deviation of the mean (n = 3). 
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Figure 4. Colchicine seed-soaking method (M1) versus seedling-immersion method (M2) efficacy. (A) Seed SR (survival rate), (B) Seedling SR, (C) Seed DR (doubling rate), (D) Seedling DR, (E) Seed ADR (actual doubling rate), (F) Seedling ADR, (G) Seed AER (anthers emergence rate), (H) Seedling AER, (I) Seed PFR (partial fertility rate), (J) Seedling PFR, (K) Seed CFR (complete fertility rate), (L) Seedling CFR, (M) Seed TFR (total fertility rate), (N) Seedling TFR. CK = control; this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced colchicine and Di-methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard error of the mean (n = 3). 
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Figure 5. Large-scale efficacy comparison between Paclitaxel (PTX) versus colchicine (COL) of two maize genotypes. (A) V1 and (B) V2. SR (survival rate), DR (doubling rate), ADR (actual doubling rate), AER (anthers emergence rate), PFR (partial fertility rate), CFR (complete fertility rate), and TFR (total fertility rate). CK = control; this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced PTX, colchicine, tween-80, and Di-methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard error of the mean (n = 3). 
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Figure 6. Comparative impact of paclitaxel (PTX) versus colchicine on the morphology of haploid maize plants. (A) Impact on plant and ear height; Scale = 85 cm. (a) CK (control), (b) PTX, (c) Colchicine. (B) Impact on silks number/ear (a) CK, (b) PTX, (c) Colchicine. (C) Root Growth (a) CK, (b) PTX, (c) colchicine; scale = 15 cm. 
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Figure 7. Comparative impact of paclitaxel (PTX) versus colchicine on morphology and physiology of haploid maize plants. (A) Plant height, (B) Ear height, (C) Number of silks/ears, (D) Plant weight, (E) Chlorophyll a (Chla), Chlorophyll b (Chlb), and total chlorophyll (ChlT)—variety 1 (V1), (F) Chla, Chlb and ChlT—variety 2 (V2), (G) Carotenoid contents. COL = colchicine; CK = control; this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced PTX, colchicine, tween-80, and Di-methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard error of the mean (n = 3 or n = 4). 
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Figure 8. Comparative impact of paclitaxel (PTX), caffeine–taurine (CAF–T), and colchicine on seed germination with different concentrations and treatment time. (A) PTX impact on seed germination; (B) CAF–T impact on seed germination; (C) Colchicine impact on seed germination. CK = control; this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced PTX, colchicine, tween-80, and di-methyl Sulfoxide (DMSO) solution. Different small letters on bars represent the significant differences within the treatments calculated using Tukey’s HSD test at p ≤ 0.05. Vertical bars on graphs indicate the standard error of the mean (n = 3 or n = 4). 
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Figure 9. Confirmation of chromosome-doubling ratio (DR) under microscope induced by paclitaxel (PTX) and caffeine–taurine (CAF–T). (A) PTX-treated seeds; (B) PTX-treated seedlings (roots only); (C) CAF–T-treated seeds; (D) CAF–T-treated seedlings (roots only). CK = control; this treatment is identical to all other treatments, but distilled deionized water (ddH2O) replaced PTX, colchicine, tween-80, and Di-methyl Sulfoxide (DMSO) solution. 
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Figure 10. Fluorescence in situ