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Abstract

:

Subterranean clover (Trifolium subterraneum) is the most widely grown annual pasture legume in southern Australia. With the advent of advanced sequencing and genome editing technologies, a simple and efficient gene transfer protocol mediated by Agrobacterium tumefaciens was developed to overcome the hurdle of genetic manipulation in subterranean clover. In vitro tissue culture and Agrobacterium transformation play a central role in testing the link between specific genes and agronomic traits. In this paper, we investigate a variety of factors affecting the transformation in subterranean clover to increase the transformation efficiency. In vitro culture was optimised by including cefotaxime during seed sterilisation and testing the best antibiotic concentration to select recombinant explants. The concentrations for the combination of antibiotics obtained were as follows: 40 mg L−1 hygromycin, 100 mg L−1 kanamycin and 200 mg L−1 cefotaxime. Additionally, 200 mg L−1 cefotaxime increased shoot regeneration by two-fold. Different plant hormone combinations were tested to analyse the best rooting media. Roots were obtained in a medium supplemented with 1.2 µM IAA. Plasmid pH35 containing a hygromycin-resistant gene and GUS gene was inoculated into the explants with Agrobacterium tumefaciens strain AGL0 for transformation. Overall, the transformation efficiency was improved from the 1% previously reported to 5.2%, tested at explant level with Cefotaxime showing a positive effect on shooting regeneration. Other variables in addition to antibiotic and hormone combinations such as bacterial OD, time of infection and incubation temperature may be further tested to enhance the transformation even more. This improved transformation study presents an opportunity to increase the feeding value, persistence, and nutritive value of the key Australian pasture.
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1. Introduction


Subterranean clover (Trifolium subterraneum L.) is the most widely grown annual pasture legume in southern Australia, with an estimated area of 29.3 Mha [1]. It is well-adapted to acidic soils, and there are subspecies adapted to neutral and alkaline soils, as well. It is mainly autogamous (inbreeding nature), diploid (2 n = 16), with a genome size of 540 Mb (cv. Daliak) divided into eight pseudo-molecules [2,3], and smaller than many other legume species [4]. In addition to the general benefits of legume pastures such as nitrogen fixation and soil structure improvement [4,5], it has three key additional features. Firstly, it is highly tolerant to intensive grazing as the growing points of its prostrate growth habit are close to the ground. Secondly, it buries its seeds, protecting them from predators and grazing and allowing reliable self-regeneration. Thirdly, it has a high nutritional value for livestock [6,7].



However, subterranean clover has limitations such as the need for relatively high available soil P levels due to its poor capability to explore the soil for P compared to other accompanying pasture grasses [8]. There is a huge scope for genetic improvement in subterranean clover to increase herbicide tolerance from inexpensive herbicide, reduce the capability of producing methanogenic compounds for rumens, overcome self-incompatible fertilisation, increase overall feeding value, persistence and nutritive value of the crop [4]. Therefore, it is required to optimise in vitro culture conditions for subterranean clover cv. Daliak. Only a few publications are available on the use of in vitro culture techniques to transform this species [9,10,11]. In all cases, direct organogenesis, using cut seeds as explants, was used to establish in vitro culture plants. Additionally, Agrobacterium tumefaciens transformation needs to be optimised as a delivery method in subterranean clover, as has been done for Medicago truncatula [12]. A. tumefaciens has largely become the method of choice for gene transfer in crop improvement [13,14,15]. In this project, we aimed to optimise the in vitro culture conditions and Agrobacterium transformation for subterranean clover cv. Daliak.




2. Results


2.1. In Vitro Culture Optimisation: Selection of Shooting and Rooting Media


The seeds, when grown according to the protocol of Ding et al. [10], showed contamination in 45.3 % of the cotyledons and in 57.7 % of embryo tips. However, the addition of 0.3% chlorine and 0.8 mg mL−1 cefotaxime in the seed sterilisation step reduced contamination—by comparison to 2%. In subsequent experiments, this percentage was maintained.



Regarding shoot regeneration, the medium RM73 worked appropriately for in vitro shoot regeneration with a frequency of explant regeneration of 80%. Additionally, it was necessary to identify which rooting medium was most suitable for subterranean clover cv. Daliak. Three out of the four rooting media tested did not show any root development after two months of culture. By contrast, as shown in Figure 1, explants cultivated into rooting media containing 1.2 µM IAA developed roots with 16.6 % efficiency after two months of culture.




2.2. Antibiotic Sensitivity Testing


2.2.1. Kanamycin Concentration Test


Treatment with kanamycin at 100 mg L−1 reduced the percentage of explant survival to 23.3% after 30 days of culture (Table 1). Increasing the concentration of kanamycin in the solid media reduced explant survival (Figure S1). In some cases, all explant tissue died during the first days of exposure, whereas in others, death of the explant commenced with the yellowing of tissue followed by the cessation of explant growth.



As shown in Table 1, with 100 mg L−1 kanamycin, the survival rate was significantly different to other concentrations at 15, 30 and 45 days (p-value < 0.01). Additionally, it was also checked that there was no significant difference in the two independent experiments. Moreover, there was no significant difference between 100 mg L−1 at 30 and 45 days. A lethal dose of kanamycin could not be proved (no treatment killed 100% of explants).



Based on these outcomes, 30 days of treatment was selected with 100 mg L−1 kanamycin for the transformation experiments. This treatment could be expected to reduce explant survival to around 20%, and then a final selection using a PCR could be done to differentiate transgenic explants (kanamycin resistant) from false positives.




2.2.2. Hygromycin Concentration Test


As previously described for kanamycin, hygromycin had a similar effect on explant survival (Table 1). Concentrations of 25 mg L−1 and 50 mg L−1 hygromycin showed a significant difference with the control (p value < 0.01) at 15, 30 and 45 days. Moreover, with 50 mg L−1 hygromycin a lethal effect was observed at 45 days. For that reason, it was decided to use 40 mg L−1 for subsequent experiments (50 mg L−1 hygromycin can have a negative effect on shoot regeneration of resistant explants, as well).




2.2.3. Cefotaxime Concentration Test


The addition of cefotaxime to the medium did not reduce the percentage of survival over the control (0 mg L−1) at the concentrations studied (Table 1). Consequently, the addition of cefotaxime to the medium can be used to eliminate Agrobacterium without affecting the explants.




2.2.4. Combined Antibiotics Test


As shown in Table 2, survival of explants treated with only 200 mg L−1 cefotaxime did not significantly differ from that of the control (0 mg L−1 kanamycin, 0 mg L−1 cefotaxime) confirming the above trial. In this experiment, the effect of 100 mg L−1 kanamycin was comparable with the previous one, but the percentage of survival decrease was greater (from 23% previous experiment to 13%). Additionally, the treatments containing kanamycin or hygromycin alone and its combination with cefotaxime did not show any significant differences. This result clarified that kanamycin or hygromycin can be combined with cefotaxime to select transgenic plants.





2.3. Cefotaxime Positive Effect on Explant Regeneration


A significant difference was observed in explant size when cefotaxime was added into the media (Figure S2). The number of shoots per explant was counted for each treatment (Figure S3). Considerable variability was detected within the treatments, including some outlier points. Nevertheless, a significant increase (p < 0.05) was found between the control (0 mg L−1) and the treatments 200 mg L−1 and 500 mg L−1 cefotaxime. As a result, cefotaxime significantly increased shoot regeneration in subterranean clover cv. Daliak from an average of 1.6 shoots per explant in the control to 3.4 shoots in 500 mg L−1 cefotaxime.



Looking at explant biomass, 200 mg L−1 cefotaxime increased (p < 0.05) the explant fresh weight from 25 mg (Control) to 77 mg (Figure S3).




2.4. GUS Plasmid


After A. tumefaciens strain AGL0 cultivation in a liquid medium, the plasmid was isolated, and a PCR was performed using primers specific to the GUS region. Three isolations were performed. In all cases, a clear amplification band of 331 bp was obtained, confirming the correct isolation protocol, as well as the correct plasmid (Figure S4).




2.5. GUS Transformation and Genetic Confirmation


Three independent experiments were completed. The number of resistant explants to hygromycin, as well as the number of positive PCR, was scored after 30 days of culture in selection medium (Figure S4). On average, 18.7% of the total explants survived the hygromycin treatment and 5.2% of these were confirmed as positives by PCR (GUS gene included into plant genome) (Table 3). From this result, around 13% of the total explants were resistant to hygromycin but not recombinant (false positives), confirming the results of the previous antibiotic combined test (15.5% of explant survival after 30 days in a medium with hygromycin plus cefotaxime). In all the experiments, the positive control (explants nontransformed in cefotaxime medium) showed a regeneration of around 80%, confirming previous results, and the negative control (explants nontransformed in cefotaxime plus hygromycin medium) showed a similar decrease in survival rate up to 10%, also confirming previous results.





3. Discussion


In this research, in vitro culture conditions, as well as the process of Agrobacterium transformation, were optimised for subterranean clover cv. Daliak, increasing the transformation efficiency from the previously reported 1% in other subterranean clover cultivars [10,11] to 5.2%.



To achieve this goal, firstly it was necessary to optimise the seed sterilisation protocol, due to a high contamination with fungi and bacteria that was found when a protocol from previous authors was applied [10,11]. Subterranean clover differs from all other clovers in its underground seed development (geocarpy) [1]. The geocarpic habit leads to a high microorganism load on the seed coat in the species, this being the main cause of contaminations and consequent death of explants. Totally contamination-free explants were not achieved in this study. The protocol to obtain subterranean clover explants was optimised using 0.3% chlorine plus 0.8 mg mL−1 cefotaxime. Modifications to these concentrations should be tested to eliminate contamination further. Testing of the addition of other antifungal compounds as published for other plant species [16] is also warranted. Additionally, the process of seed coat removal, embryo tip excision, and cotyledonary petiole cut is quite difficult to perform, even for a qualified technician. As some seeds were lost in the process, the final number of explants in every treatment differs, but that was taken into consideration when the statistical analysis was performed.



Regarding antibiotic sensitivity, 100 mg L−1 kanamycin reduced the survival of subterranean clover explants up to 23% in a chronic treatment at 30 days in line with other research with similar concentrations of this antibiotic in subterranean clover [10,11]. For hygromycin, as 50 mg L−1 produced a lethal effect, the concentration used for transformation experiments was 40 mg L−1. This hygromycin concentration was selected because concentrations above this level reduce transformation efficiency in other legume species [10,11], as well as for kanamycin [17,18]. In the case of cefotaxime, its addition into the media did not affect explant survival, making this antibiotic valuable to eliminate Agrobacterium after transformation without altering the explant growth.



Considering the combined use of antibiotics, kanamycin or hygromycin in combination with cefotaxime did not affect the effect of kanamycin or hygromycin per se. The utility of this combination of antibiotics in subterranean clover by previous researchers was confirmed [10,11].



Selected optimal antibiotic concentrations were used to optimise transformation efficiency. A transformation efficiency of 5.2% after one month of explant cultivation in selection medium was obtained using the plasmid pH35 and confirmed by PCR—higher than the 1% previously reported for subterranean clover [10,11]. Because there is a percentage of explants surviving the antibiotic selection (i.e., 15% of survival rate with 40 mg L−1 Hyg + 200 mg L−1 Cef) it is expected to have some selected but not transformed explants (less positivity rate with PCR than number of resistant explants).



Factors acting alone or in combination increasing this efficiency are as follows. (1) Due to the antibiotic sensitivity test, the most appropriate concentrations were used, and the percentage of escape explants (explants that survive antibiotic stress) was known, making the transformation more efficient. (2) The Agrobacterium strain AGL0 was used instead of the reported AGL1; perhaps AGL0 is more infective for subterranean clover explants (can be tested). (3) Using a direct PCR, it was unnecessary to extract DNA and then run the amplification, reducing error and increasing efficiency. Other variables may also be tested to further enhance the transformation efficiency, such as Agrobacterium OD and bacterial concentration (an OD = 0.4, 24/36 as incubation time was used according to previous reports [10,11]), time of infection, incubation temperature, concentration of acetosyringone, and co-cultivation period time.



Because transformation efficiency was tested at the explant level, it will be necessary to obtain a complete plant in further experimentation to test if the transgene is maintained through the generations in a Mendelian manner. There is also a need to test for chimeric explants, which can result in the development of both recombinant and nonrecombinant shoots within the same explant. This can be done using the GUS assay taking advantage that this gene was already inserted in the plant genome [19]. In addition, to check where the gene was inserted, as well as how many copies and its interaction with other genes, the whole plant genome can be sequenced using Hi-C technologies [20].



Cefotaxime Positive Effect on Shoot Regeneration


It was demonstrated that cefotaxime produced a positive impact in explant regeneration and did not significative affect the survival rate (Table 1 and Table 2). Concentrations of 200/500 mg L−1 cefotaxime enhanced explant proliferation, increasing the number of shoots two-fold and their fresh weight three-fold, when compared with a negative control. This discovery was previously reported for other plant species [21,22,23], but this is the first report in subterranean clover. We suggest that future studies test 200 mg L−1 cefotaxime to improve subterranean clover in vitro culture efficiency and that this work be extended to other legume species. Thus, cefotaxime can play a dual role in the process of explant transformation—elimination of Agrobacterium following infection combined with its stimulus effect on shoot regeneration. The reason why cefotaxime acts as a positive growth regulator is not well understood. Some argue that cefotaxime mimics a plant growth factor [22], whereas others consider that degradation of cefotaxime by plant esterases might generate metabolites with growth regulation activity [21]. We also suggest that future studies should test the effect of cefotaxime on root formation. The efficiency of root formation using 1.2 µM IAA was found to be 16.6% [24], which might be improved with the addition of cefotaxime in the rooting medium. As an antagonist effect, 500 mg L−1 cefotaxime tended to reduce the mean explant fresh weight in relation to 200 mg L−1, but this did not reach significance (p < 0.05). In other plant species, such an inhibitory effect is caused by a high concentration of the antibiotic [25].



Considering all the solutions available to breeders to improve pastures cultivars from a molecular perspective, in vitro culture and Agrobacterium transformation, in combination with other technologies such as genome-wide association studies [26] and CRISPR [27], play a central role in the association of genes with agronomic traits. In this regard, analysing genes associated with biotic and abiotic stresses can unleash the power of plant adaptation, creating better pastures adapted to a range of different environmental conditions.





4. Materials and Methods


4.1. Seed Sterilisation


Seeds of subterranean clover cv. Daliak (sourced from Dr Phillip Nichols, (DPIRD) former Department of Agriculture and Food WA [DAFWA], 3 Baron-Hay Ct, South Perth, WA 6151, Australia) were washed for 3 min in 50 mL of sterile deionised (DI) water + 2 drops Tween−20 solution (Amresco®, Solon, OH, USA). Then, seeds were sterilised in 70% ethanol for 5 min. At this stage, 0.3% chlorine solution + 2 drops Tween 20 were added for 15 min. Subsequently, seeds were washed twice with DI water, and then moved into a 0.8 mg mL−1 cefotaxime (PhytoTechnology Laboratories®, Lenexa, KS, USA) solution for 10 min, modifying the protocol reported for Ding et al. [10]. Finally, seeds were washed 3 times with DI water (5 min each time) and left to imbibe overnight in a Petri dish with sterile water (Figure 2).




4.2. Explant Preparation and In Vitro Culture


The seed coat of each seed was removed, and then the embryo tip excised, leaving the cotyledonary explants with a 1–2 mm segment of cotyledonary petiole attached, following the protocol of Ding et al. [10] (Figure 3). The excision process was performed under a microscope (Leica MZ6®, Wetzlar, Germany) in sterile conditions. Then, explants were placed on a Petri dish (94 × 20 mm) containing 30 mL of Murashige and Skoog (MS) medium [28] supplemented with 30 g L−1 sucrose, 5 µM Thidiazuron (TDZ) (PhytoTechnology Laboratories®, Germany), and 0.5 µM Naphthaleneacetic acid (NAA) (PhytoTechnology Laboratories®, Germany) (hereafter RM73 regeneration medium [29]). Subcultures were made every 2 weeks onto fresh RM73 medium. The presence of contamination (fungal or bacterial) was verified at the end of week one. Once shoots were regenerated by direct organogenesis, they were individually excised and transferred onto a rooting induction medium.



Four rooting media were tested with different combinations of hormones, all of them containing half-strength MS salts and MS vitamins plus 15 g L−1 of sucrose: (i) 1.2 µM indole-3-butyric acid (IBA) [10] (PhytoTechnology Laboratories®, Germany), (ii) 3 mg L−1 IBA [11], (iii) 1.2 µM indole-3-acetic acid (IAA) (Sigma-Aldrich®, Munich, Germany) [24], and (iv) 5 µM IAA and 1 µM Kinetin (Sigma-Aldrich®, USA) [30]. The presence of roots was scored after 2 months of culture in rooting medium. In all media, the pH was adjusted to 5.75, and 8 g L−1 of agar (PhytoTechnology Laboratories®, Germany) was added for solidification, and explants were maintained at 22 °C with a photoperiod of 16 h light/8 h dark.




4.3. Antibiotic Concentration Test


Firstly, 100 seeds were used to produce explants as described above and these were cultured for 3 days on RM73 medium. Then, explants were subcultured onto Petri dishes containing 30 mL of RM73 medium plus various concentrations (0, 25, 50, 75, 100 mg L−1) of kanamycin (PhytoTechnology Laboratories®, Germany). Explants were maintained at 22 °C with a photoperiod of 16 h light/8 h dark and subcultures were made every two weeks as described previously. After 15, 30 and 45 days, the number of surviving explants was scored according to Figure 3. The experiment was repeated twice with kanamycin. The same experiment was performed for hygromycin, testing 0, 10, 25, and 50 mg L−1 of this antibiotic and repeated twice.



During transformation with Agrobacterium tumefaciens, another antibiotic is often used to eliminate the presence of this bacteria. In this case, the antibiotic was cefotaxime (PhytoTechnology Laboratories®, Germany). Because hygromycin or kanamycin are used concurrently with cefotaxime, the combined effect of these antibiotics was analysed and compared with a control (0 mg L−1 kanamycin, 0 mg L−1 hygromycin and 0 mg L−1 cefotaxime). In this case, the number of surviving explants was also counted, starting with 100 seeds and following the protocols previously described.




4.4. Cefotaxime Effect on Shoot Regeneration


In this case, 100 seeds were cut, and the resulting explants were cultivated following the above methodology. After 3 days of culture in RM73 media, explants were transferred into RM73 media supplemented with 100, 200 and 500 mg L−1 of cefotaxime (0 mg L−1 of cefotaxime was used as control). The number of surviving explants was counted after 15 and 30 days. Additionally, the number of shoots per explant, as well as their fresh weight, was recorded. For shoot count, explants were placed under the stereomicroscope (Leica MZ6®, Germany) in sterile conditions and scored according to Figure 3. In those cases where the shoots were not clearly identified, the whole explant was dissected, and shoots were counted separately. Individual shoots were considered when they were longer than 5 mm after 30 days in culture. Fresh weight was measured by transferring the explants onto a scale (Denver Instrument XL-610®, USA) in sterile conditions.




4.5. Plasmids and Bacterial Strains


GUS Plasmid (pH35)



A. tumefaciens strain AGL0 carrying the pH35 vector [17] was used to transform plant material. The plasmid components are shown in Figure S6. A polymerase chain reaction (PCR) with specific primers (F: ACAAGCAGAAGAACGGCATCA, R: CGATCCAGACTGAATGCCCA) was performed to amplify a segment of the GUS gene and check that the correct plasmid was inserted into Agrobacterium.




4.6. In Vitro Plant Transformation and Regeneration


Isolated explants were obtained, as described above, leaving a 1–2 mm segment of cotyledonary petiole attached. The A. tumefaciens strain AGL0 carrying the GUS plasmid (pH35) was cultivated 24/36 h (OD = 0.4) in Luria Bertani medium (LB, Sigma-Aldrich®) supplemented with streptomycin 50 mg L−1 and spectinomycin 100 mg L−1 (GUS plasmid selection, Sigma-Aldrich®, USA), plus acetosyringone 100 µM (Sigma-Aldrich®, USA). Explants were then placed in contact with Agrobacterium for 40 min in the dark in a 50 mL falcon tube containing 5 mL of bacteria culture. After this process, explants were transferred into a sterile filter paper and co-cultivated for 3 days on RM73 medium, following the protocol of Ding et al. [10]. Then, explants were rinsed with sterile water to remove the Agrobacterium excess, then incubated in cefotaxime 600 mg L−1 for 30 min to be then transferred onto a RM73 selection medium supplemented with 40 mg L−1 Hyg (for recombinant explant selection) and 200 mg L−1 cefotaxime (for Agrobacterium elimination). Two controls were used, placed in the same conditions as the treatment (in contact with LB media without Agrobacterium and imbibed with cefotaxime): a negative control (RM73 media with cefotaxime + Hyg) where most explants were expected to die; and a positive control (RM73 media with cefotaxime) where most explants were expected to remain alive. Subculturing was done onto a fresh selection medium every 2 weeks. The resulting antibiotic-resistant shoots were excised and subcultured into rooting media for root induction. The experiment was repeated 3 times, using 100 seeds (around 150 explants) each time.




4.7. Genetic Confirmation Test


To test the presence of the GUS gene in the plant genome, a direct PCR was conducted using the Phire® Plant Direct PCR Kit (Thermo Scientific®, Waltham, MA, USA). The cluster of shoots obtained after 30 days of culture was scratched with a P20 tip and left in contact with the master-mix PCR solution for 1 min. The thermal condition selected was 5 min at 98 °C, followed by 40 cycles of 10 s at 98 °C, 10 s at 65 °C and 20 s at 72 °C, with a final extension step of 60 s at 72 °C (Primer sequences F: ACAAGCAGAAGAACGGCATCA, R: CGATCCAGACTGAATGCCCA), using the thermo-cycler SimpliAmp (Thermo Fisher Scientific®, USA). After the reaction was finished, an agarose gel electrophoresis was conducted, using a 100 bp ladder to identify the correct fragment size (331 bp). Transformation efficiency was calculated as the rate of positive amplifications divided by the total amount of explants used per experiment.




4.8. Statistical Analysis


A proportion test was performed to analyse differences in survival rate among the different antibiotic treatments. The null hypothesis argued that there were no significant differences between the populations. If the null hypothesis was rejected by a significant difference (p < 0.05), an individual set of proportion tests was performed comparing between every population.



Additionally, to test differences in explant weight and number of shoots, a one-way ANOVA was performed, argued with the same hypothesis as before. In this case, if the null hypothesis was rejected by a significant difference (p < 0.05), a Tukey test was implemented to analyse individual differences between the populations. In most cases, the data were unbalanced, indicating that the number of explants in each treatment was different. The Tukey test was performed considering a matrix for unbalanced data. For the statistical analysis, as well as for graphics generation, the software used was R Studio© (Version 1.0.153).



The various reagents used to carry out the experiments have been summarised in Table S1.





5. Conclusions


Transformation efficiency was improved from the 1% previously reported in subterranean clover [10,11] to 5.2 %, tested at the explant level. Additionally, the finding of cefotaxime as a shoot regeneration enhancer in subterranean clover can be used to implement this antibiotic in combination with other plant hormones to increase explant regeneration and the number of shoots per explant starting from the same number of seeds. Moreover, we suggest that future research is warranted to test whether cefotaxime can be also used to increase rooting efficiency under in vitro conditions.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22084181/s1.





Author Contributions


F.P.R. and S.S. performed the research under the guidance of P.K., W.E. and wrote the manuscript with contributions from all. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Centre of Plant Genetics and Breeding, University of Western Australia.




Acknowledgments


We gratefully acknowledge the Department of Primary Industry and Regional Development (DPIRD) for the provision of seeds for this study. We thank Phil Nichols, Brad Wintle, Daniel Kidd, Megan Ryan and Maria Pazos-Navarro for useful discussions and support during this study. The support to FPR from the Argentinean Government scholarship “Bec.Ar” for his MSc studies, travel and accommodation purposes is gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nichols, P.G.H.; Revell, C.K.; Humphries, A.W.; Howie, J.H.; Hall, E.J.; Sandral, G.A.; Ghamkhar, K.; Harris, C.A. Temperate pasture legumes in Australia—their history, current use, and future prospects. Crop. Pasture Sci. 2012, 63, 691–725. [Google Scholar] [CrossRef]

	



Hirakawa, H.; Kaur, P.; Shirasawa, K.; Nichols, P.; Nagano, S.; Appels, R.; Erskine, W.; Isobe, S.N. Draft genome sequence of subterranean clover, a reference for genus Trifolium. Sci. Rep. 2016, 6, 30358. [Google Scholar] [CrossRef]

	



Kaur, P.; Bayer, P.E.; Milec, Z.; Vrána, J.; Yuan, Y.; Appels, R.; Edwards, D.; Batley, J.; Nichols, P.; Erskine, W.; et al. An advanced reference genome of Trifolium subterraneum L. reveals genes related to agronomic performance. Plant Biotechnol. J. 2017, 15, 1034–1046. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, P.G.H.; Foster, K.J.; Piano, E.; Pecetti, L.; Kaur, P.; Ghamkhar, K.; Collins, W.J. Genetic improvement of subterranean clover (Trifolium subterraneum L.). 1. Germplasm, traits and future prospects. Crop. Pasture Sci. 2013, 64, 312–346. [Google Scholar] [CrossRef]

	



Peoples, M.B.; Baldock, J.A. Nitrogen dynamics of pastures: Nitrogen fixation inputs, the impact of legumes on soil nitrogen fertility, and the contributions of fixed nitrogen to Australian farming systems. Aust. J. Exp. Agric. 2001, 41, 327. [Google Scholar] [CrossRef]

	



Ru, Y.J.; Fortune, J.A. Seed yield and nutritive value of dry, mature subterranean clover (Trifolium subterraneum L.). Aust. J. Exp. Agric. 2001, 41, 169. [Google Scholar] [CrossRef]

	



Schut, A.G.T.; Gherardi, S.G.; Wood, D.A. Empirical models to quantify the nutritive characteristics of annual pastures in south-west Western Australia. Crop. Pasture Sci. 2010, 61, 32–43. [Google Scholar] [CrossRef]

	



Haling, R.E.; Yang, Z.; Shadwell, N.; Culvenor, R.A.; Stefanski, A.; Ryan, M.H.; Sandral, G.A.; Kidd, D.R.; Lambers, H.; Simpson, R.J. Growth and root dry matter allocation by pasture legumes and a grass with contrasting external critical phosphorus requirements. Plant Soil 2016, 407, 67–79. [Google Scholar] [CrossRef]

	



Chu, P.W.G.; Anderson, B.J.; Khan, M.R.I.; Shukla, D.; Higgins, T.J.V. Production of Bean yellow mosaic virus resistant subterranean clover (Trifolium subterraneum) plants by transformation with the virus coat protein gene. Ann. Appl. Biol. 1999, 135, 469–480. [Google Scholar] [CrossRef]

	



Ding, Y.-L.; Aldao-Humble, G.; Ludlow, E.; Drayton, M.; Lin, Y.-H.; Nagel, J.; Dupal, M.; Zhao, G.; Pallaghy, C.; Kalla, R.; et al. Efficient plant regeneration and Agrobacterium-mediated transformation in Medicago and Trifolium species. Plant Sci. 2003, 165, 1419–1427. [Google Scholar] [CrossRef]

	



Khan, M.; Tabe, L.M.; Heath, L.C.; Spencer, D.; Higgins, T. Agrobacterium-Mediated Transformation of Subterranean Clover (Trifolium subterraneum L.). Plant Physiol. 1994, 105, 81–88. [Google Scholar] [CrossRef]

	



Wen, L.; Chen, Y.; Schnabel, E.; Crook, A.; Frugoli, J. Comparison of efficiency and time to regeneration of Agrobacterium-mediated transformation methods in Medicago truncatula. Plant Methods 2019, 15, 1–10. [Google Scholar] [CrossRef]

	



Smith, E.F.; Townsend, C.O. A plant-tumor of bacterial origin. Science 1907, 25, 671–673. [Google Scholar] [CrossRef] [PubMed]

	



Nester, E.W. Agrobacterium: Nature’s genetic engineer. Front. Plant Sci. 2015, 5, 730. [Google Scholar] [CrossRef] [PubMed]

	



Gelvin, S.B. Agrobacterium-mediated plant transformation: The biology behind the “gene-jockeying” tool. Microbiol. Mol. Biol. Rev. 2003, 67, 16–37. [Google Scholar] [CrossRef] [PubMed]

	



De Santana, J.R.F.; Paiva, R.; Aloufa, M.A.I.; De Lemos, E.E.P. Efficiency of ampicillin and benomyl at controlling contamination of Annonaceae leaf segments cultured in vitro. Fruits 2003, 58, 357–361. [Google Scholar] [CrossRef]

	



Nguyen, A.H.; Wijayanto, T.; Erskine, W.; Barker, S.J. Using green fluorescent protein sheds light on Lupinus angustifolius L. transgenic shoot development. Plant Cell Tissue Organ Cult. (PCTOC) 2016, 127, 665–674. [Google Scholar] [CrossRef]

	



Joersbo, M.; Brunstedt, J.; Marcussen, J.; Okkels, F.T. Transformation of the endospermous legume guar (Cyamopsis tetragonoloba L.) and analysis of transgene transmission. Mol. Breed. 1999, 5, 521–529. [Google Scholar] [CrossRef]

	



Jefferson, R.A.; Kavanagh, T.A.; Bevan, M.W. GUS fusions: Beta-glucuronidase as a sensitive and versatile gene fusion marker in higher plants. EMBO J. 1987, 6, 3901–3907. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, W.-B.; Schneeberger, K. The impact of third generation genomic technologies on plant genome assembly. Curr. Opin. Plant Biol. 2017, 36, 64–70. [Google Scholar] [CrossRef]

	



Mathias, R.J.; Boyd, L.A. Cefotaxime stimulates callus growth, embryogenesis and regeneration in hexaploid bread wheat (Triticum aestivum L em. Thell). Plant Sci. 1986, 46, 217–223. [Google Scholar] [CrossRef]

	



Borrelli, G.; Di Fonzo, N.; Lupotto, E. Effect of Cefotaxime on Callus Culture and Plant Regeneration in Durum Wheat. J. Plant Physiol. 1992, 140, 372–374. [Google Scholar] [CrossRef]

	



Danilova, S.A.; Dolgikh, Y.I. The Stimulatory Effect of the Antibiotic Cefotaxime on Plant Regeneration in Maize Tissue Culture. Russ. J. Plant Physiol. 2004, 51, 559–562. [Google Scholar] [CrossRef]

	



Heath, L.C.; Chin, S.-F.; Spencer, D.; Higgins, T.J.V. In vitro regeneration of commercial cultivars of subterranean clover. Plant Cell Tissue Organ Cult. (PCTOC) 1993, 35, 43–48. [Google Scholar] [CrossRef]

	



Nauerby, B.; Billing, K.; Wyndaele, R. Influence of the antibiotic timentin on plant regeneration compared to carbenicillin and cefotaxime in concentrations suitable for elimination of Agrobacterium tumefaciens. Plant Sci. 1997, 123, 169–177. [Google Scholar] [CrossRef]

	



Kaur, P.; Appels, R.; Bayer, P.E.; Keeble-Gagnere, G.; Wang, J.; Hirakawa, H.; Shirasawa, K.; Vercoe, P.; Stefanova, K.; Durmic, Z.; et al. Climate Clever Clovers: New Paradigm to Reduce the Environmental Footprint of Ruminants by Breeding Low Methanogenic Forages Utilizing Haplotype Variation. Front. Plant Sci. 2017, 8, 1463. [Google Scholar] [CrossRef] [PubMed]

	



Rojo, F.P.; Nyman, R.K.M.; Johnson, A.A.T.; Navarro, M.P.; Ryan, M.H.; Erskine, W.; Kaur, P. CRISPR-Cas systems: Ushering in the new genome editing era. Bioengineered 2018, 9, 214–221. [Google Scholar] [CrossRef] [PubMed]

	



Murashige, T.; Skoog, F. A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue Cultures. Physiol. Plant. 1962, 15, 473–497. [Google Scholar] [CrossRef]

	



Beattie, L.D.; Garrett, R.G. Adventitious shoot production from immature embryos of white clover. Plant Cell Tissue Organ Cult. (PCTOC) 1995, 42, 67–72. [Google Scholar] [CrossRef]

	



Fratini, R.; Ruiz, M.L. A rooting procedure for lentil (Lens culinaris Medik.) and other hypogeous legumes (pea, chickpea and Lathyrus) based on explant polarity. Plant Cell Rep. 2003, 21, 726–732. [Google Scholar] [CrossRef]












	1
	
0 mg L−1 (Control)





	2
	
25 mg L−1





	3
	
100 mg L−1





	4
	
0 mg L−1 (Control)





	5
	
10 mg L−1





	6
	
25 mg L−1





	7
	
50 mg L−1





	8
	
0 mg L−1 (Control)





	9
	
10 mg L−1





	10
	
25 mg L−1





	11
	
50 mg L−1





	12
	
Control (no antibiotics added)





	13
	
200 mg L−1 Cef





	14
	
100 mg L−1 Kan + 200 mg L−1 Cef





	15
	
40 mg L−1 Hyg + 200 mg L−1 Cef





	16
	
1





	17
	
128





	18
	
2





	19
	
126












[image: Ijms 22 04181 g001 550] 





Figure 1. Explant cultivated for two months in rooting medium containing 1.2 µM IAA. Presence of multiple roots coming out from the bottom part of the explant. Image captured under stereo-microscope Leica MZ6®. 
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Figure 2. Schematic flowchart of the protocol including sterilisation of seeds and explant preparation, transformation, and regeneration. 
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Figure 3. Seed cut procedure and regeneration: (a) seed cut with 1–2 mm segment of cotyledonary petiole attached (arrow showing cut), Scale = 1 mm; (b) shoot inducing in RM73 medium after 1 week (arrow showing shooting starting point), Scale = 1 mm; (c) multiple shoot generation through direct organogenesis after two weeks of culture. Dead explants identified at three stages; Scale = 0.5 mm; (d) Shoot apical meristem tissue was regenerated after 3 days in RM73 medium, but after two days in kanamycin 100 mg L−1, all explant tissue died; Scale = 1 mm; (e) Explant dying after 15 days of culture. The browning started at the top of the explant shoot; Scale = 2 mm; (f) Explant dying after 30 days of culture. The whole explant shows general tissue damage (yellowing); it was confirmed as dead one week after this photograph was taken; Scale = 2 mm; (g) Explant shoots were regenerated from the original apical meristem tissue. Two independent shoots can be distinguished; Scale = 2 mm (h) One shoot is clearly developed, whereas other plant tissue remains less differentiated; Scale = 2 mm. Images (a–e) were captured using microscope STEMI 2000-C (Carl Zeiss®, Oberkochen, Germany). Images g and h were captured with AxioCam Color MRm (Carl Zeiss®, Germany), software AxioVision V.4.5. 
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Table 1. Summary of the antibiotic sensitivity tests conducted with different concentrations. a Significant at the 1% level between treatments and control (proportion test).
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Percentage of Survival




	
Treatment

	
Number of Explants

	
15 Days

	
30 Days

	
45 Days






	
Kanamycin concentration test




	
0 mg L−1 (Control)

	
45

	
95.5

	
86.6

	
82.2




	
25 mg L−1

	
27

	
96.4

	
66.6

	
48.1




	
50 mg L−1

	
38

	
76.3

	
60.5

	
44.7




	
100 mg L−1

	
30

	
42.8 a

	
23.3 a

	
16.6 a




	
Hygromycin concentration test




	
0 mg L−1 (Control)

	
30

	
100

	
96.6

	
93.3




	
10 mg L−1

	
30

	
90

	
56.4 a

	
36.6 a




	
25 mg L−1

	
30

	
46.6 a

	
30 a

	
16.6 a




	
50 mg L−1

	
30

	
16.6 a

	
10 a

	
0 a




	
Cefotaxime concentration test




	
0 mg L−1 (Control)

	
36

	
81.8

	
72.7

	
NA




	
10 mg L−1

	
33

	
86.1

	
80.5

	
NA




	
25 mg L−1

	
31

	
80.6

	
74.3

	
NA




	
50 mg L−1

	
29

	
82.7

	
79.3

	
NA
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Table 2. Summary of the antibiotic combined tests conducted with different concentrations. a Significant difference at the 1% level between a and b populations. b No significant difference within a nor b populations (proportion test).
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	Treatment
	Number of Explants
	Percentage of Survival after 30 Days





	Control (no antibiotics added)
	29
	89.6 a



	200 mg L−1 Cef
	30
	80 a



	100 mg L−1 Kan
	30
	13.3 b



	100 mg L−1 Kan + 200 mg L−1 Cef
	29
	27.5 b



	40 mg L−1 Hyg + 200 mg L−1 Cef
	45
	15.5 b
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Table 3. Summary of the GUS transformation efficiency statistics. Total of 379 explants tested: 5.2% of those were confirmed by PCR at explant level after 30 days.
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	Experiment
	Total Number of Plants
	No. Resistant Explants after 30 Days in Selection Medium (% in Parentheses)
	PCR Configuration (% in Parentheses)





	1
	128
	23 (17.9%)
	9 (7.0%)



	2
	126
	22 (17.4%)
	7 (5.5%)



	3
	125
	26 (20.8%)
	4 (3.2%)
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