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Abstract

:

Beta vulgaris comprise various variety groups that are cultivated for vegetative or reproductive production. As a biennial crop, beets have a photothermal induction requirement for the transition from the vegetative to the reproductive stage. Bolting and flowering are not desirable when beets are cultivated for vegetative production and are suppressed during breeding programs, though these structures are important in seed production. Therefore, the potential of seed hydro priming as an enhancement technique to partially induce vernalization in seeds was evaluated. Following hydro priming, seeds were sown in October 2018 and evaluated during three selected phenological stages. Treating seeds with hydro priming significantly improved the emergence rate in all four tested cultivars. Moreover, treatments significantly lowered the required growing degree days (GDD) for transition to the reproductive stage in all four tested cultivars. Regardless of the treatment effect on an individual developmental stage, the treatment efficiency should be evaluated on the whole production process, depending on the purpose of production. The focus of this study was mainly on improvement of seed production performance. The outcome showed the potential of priming to influence the reproductive stages of the plant life cycle rather than just the germination.
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1. Introduction


In the earliest records, beets were described as leafy plants (chards). Later, swollen root cultivars were developed. Cultivation of red fodder beet dates back to the 15th century, while the sugar beet has been cultivated since the end of the 18th century [1]. Beta vulgaris is a member of the Amaranthaceae family [2], and comprises a variety of groups of Swiss chard, garden beet (beetroot and red beet), leaf beet, fodder beet, and sugar beet [3].



Each of these groups has a different usage in industry and consumption. In Europe, sugar beet is the main crop for sugar production [3,4]. Moreover, it provides clean energy through bioethanol and the production of hydrogen gas. The high concentrations of betaine and betalain in beetroot has made it a valuable resource for pharmaceutical and food companies [5].



As a biennial crop, beets require a photothermal induction of the transition from the vegetative to the reproductive stage. The first element in this induction is vernalization. Vernalization refers to the plant’s requirement of low temperatures during the rosette stage for the induction of flowering. The range (0–15 °C) and duration (5–20 weeks) of low temperatures play an important role in the extent of vernalization [6,7,8,9,10]. If the extent of vernalization is insufficient, the plant can be devernalized by temperatures above 15 °C immediately following vernalization [11,12].



The completion of vernalization initiates stem elongation. The main stem in beets is called the bolter and the process of stem elongation is termed bolting. The tendency of beets toward bolting varies in different groups of cultivars and even between cultivars of the same variety group [13,14,15]. Rather than vernalization initiation in the plant during the rosette stage, seeds can be affected by the environment, while they are still on the mother plant. If the temperatures drop considerably during flowering and seed ripening, seeds can be partially vernalized [16].



Following bolting, the plants require long days to induce flowering [10,15], and interior (genetic) and exterior (environment and agricultural management) elements can affect this developmental stage [17]. The acquisition of flowering ability can be established in cell memory by degradation of macromolecules and thus maintained until the optimal conditions are available [18]. Generally, flowering of beets occurs over 3–4 weeks. The duration of this stage can affect the range of maturity levels among the harvested seeds [3,8].



Production of beet seeds has various challenges. First, plants need to fulfil the photothermal induction requirement prior to the reproduction stage, which leads to a long seed production process and a delayed breeding cycle. Furthermore, photothermal induction requirements limit the geographical distribution of seed production [19]. Since breeding efforts have focused mostly on the vegetative production of beets, they have centered on the suppression of bolting, due to the negative effect of bolters on yield [3,13,14,15,18].



To increase the number of seed bearers, clipping or topping has been applied on the primary bolters in the seed production process. The purpose of this common technique is to improve the development of side branches, more homogeneous flowering, enhanced synchronization of flowering, and reduced plant height. This technique is usually carried out during the bolting stage by hand or mechanically to improve seed production [3,8].



In Beta vulgaris, seeds develop inside the fruit. This irregular dry body consists of a pericarp and an operculum forming the ovary cap, which covers the true seed. The true seed can consist of 2–5 embryos, which are supported nutritionally by a diploid perisperm, instead of a triploid endosperm [1,3,20,21]. They contain more than one embryo and therefore the seeds are considered multigerm (Figure 1). However, seeds with one embryo (monogerm seeds) have been produced mechanically from the multigerm ones [1]. Eventually, genetically monogerm cultivars were released commercially in the 1960s [22].



Using seeds of a good quality is a crucial factor in attaining fast, uniform, and steady emergence, especially with monogerm seeds [3,23]. Seed enhancement techniques are beneficial in improving the seed performance. Techniques that can be applied to initiate the preliminary process of metabolite activation in the reversible part of germination cycle can also be beneficial. Priming is a seed enhancement technique which has proved to have reliable effects on seed performance [21,23,24,25,26,27,28,29]. In fact, priming regulates hydration of the seeds, but not to the point of radicle protrusion [21,23]. During this procedure, metabolic processes begin, but do not proceed far enough for actual germination [30]. Timing is important in this process to avoid “overpriming”. The probable reason of the occurrence of this phenomena is degradation of Late embryogenesis abundant (LEA) proteins [31].



Different priming techniques can be applied to seeds. The most important factor in these is the priming agent, which can be either water or chemical. Depending on the priming agent, this enhancement technique can be done as hydro priming, osmo priming, bio priming, hormone priming, thermal priming, or solid matrix priming [2,28,29,32,33,34,35,36,37]. The key factors in this procedure are the imbibition time and osmotic potential. Priming enables seeds to emerge quickly and uniformly after sowing, ensuring reliable establishment of the plants [30,38].



Higher germination rate and improved seedling establishment are the notable consequences of seed priming, which have been reported in several studies [21,25,26,28,29,38,39,40]. The probability of a higher yield is closely related to the rapid and uniform emergence of seedlings [26,40]. Therefore, enhanced seed establishment is a beneficial element.



Although seed priming is an old approach, studies of its effects on the later developmental stages are lacking. The objective of this study was to evaluate the phenological response of beet seeds from different variety groups to the priming treatment. The response to priming was evaluated in different developmental stages with the overarching aim to reduce the required growing degree days (GDD) from the emergence to the reproduction stage. The focus of this study was the possible application of this technique in seed production to decrease the photothermal induction requirement.




2. Materials and Methods


Four cultivars of beets (Beta vulgaris ssp.) from a different variety of groups were investigated for their response to seed priming: one sugar beet (SB) cultivar from MariboHilleshög, Holeby, Denmark, two garden beet cultivars, Bull’s Blood (BB) from AdvanSeed ApS and Detroit Beet (DB) from Vikima Seed A/S, Holeby, Denmark, and one Swiss chard cultivar, Fordhook Giant (FG), from Vikima Seed A/S, Holeby, Denmark. Generally, SB, BB, and DB are cultivated for root production, while leaves are the main product in FG.



Since germination inhibitors are present in the pericarp of beet seeds, applying a washing technique prior to enhancement techniques has been recommended [27,41,42,43]. Seeds of each cultivar were washed separately by soaking in water, using a magnetic stirrer for aeration. The washing process lasted 4 h and 40 mL sterile distilled water per gram of seed was used, with a stirring speed of 400 rpm [44]. Seeds were dried back to their initial weight overnight in a laminar flow hood to become ready for the priming procedure. In this study, hydro priming was chosen as the enhancement method.



One gram of washed seeds was hydro primed in 50 mL Falcon tubes, the interiors of which were covered with filter paper and moistened with 4 mL sterile distilled water. Seeds were placed inside the tubes for priming for 8, 16, and 24 h in a growing chamber at 20 °C with continuous light. Inside the growing chamber, Falcon tubes were placed on a mini shaker for agitation at 150 rpm to ensure a homogeneous moistening of the seeds to reach 35% (±3%) moisture content (Equation (1)). After priming, seeds were dried back for one hour at 25 °C, under half speed laminar flow to reach 17%–19% moisture content.


M = [(M1 − M0)/M1] × 100



(1)







M is the calculated moisture variation, M1 is the seed weight after priming, M0 is the dry weight before priming, adjusted for the initial moisture content (8.5% ± 0.5%).



One hundred seeds of each treatment were divided into four replicates of 25 seeds each to be sown in pots (23 cm diameter × 30 cm height), along with four replicates of untreated seeds as control. The pots were filled with a potting mixture consisting of field peat, soil, and sand (4:2:1) containing all necessary micro and macro nutrients. After sowing, pots were kept in semi-field conditions, outdoors, but sheltered. This allowed to study of the plants under the natural conditions, except that controlled irrigation was used instead of rain feeding. Sowing was done on 5 October, 2018 and after 40 days the pots were moved to the greenhouse (average temperature 15 °C ± 5 °C) to avoid frost. Pots were irrigated daily, according to their size and the environmental conditions.



After sowing, pots were monitored to observe the start of emergence. To have a transparent interchange of data, decimal codes of the BBCH monograph were used for recording the phenological developmental stages [45]. As the first step, the emergence (BBCH 09) rate was recorded every day for each pot until the time that no more coleoptiles emerged. Since seeds of the cultivars were different in the monogerm (SB) and multigerm (FG, DB, and BB) aspect, the number of emerged seedlings varied considerably between pots. To avoid competition, pots were thinned to four plants in each.



To evaluate the performance of treated seeds in comparison with non-treated controls, the area under the curve (AUC) of the cumulative emergence from sowing (t = 0) to the day of final emergence was calculated. From AUC information regarding the maximum performance, t50, and uniformity is recovered [46,47].



The developmental response of the plants to the treatment was followed during the spring of 2019. The date for the start of the main stem elongation, bolting (BBCH 51) was recorded for each plant and the start of flowering (BBCH 60) was recorded for first plant of each pot. The required GDD from sowing to 50% emergence (E50), from E50 to bolting, and from E50 to flowering was calculated for further analysis of phenological development advancement. Further ΔGDD was calculated (Equation (2)) as the difference in the required GDD from bolting to flowering:


  GDD =   ∑      [     (   T  m a x   +  T  m i n    )   2   ]  −  T  b a s e    



(2)




where Tmax and Tmin are daily maximum and minimum temperature, respectively, and Tbase is the base temperature (5 °C). In order to compare the effect of treatment on meristem development, the number of branches on the main stem was counted for each treatment. Flowers form on these branches and their number can be an indicator of future yield.




3. Statistical Analysis


Data analysis was carried out in R [48] by using the built in function lm(). The model was additive with AUC, GDD (required for bolting or flowering), ΔGDD (difference between bolting and flowering), or number of branches as response variables. Explanatory variables were cultivar (n = 4) and priming time (n = 3). Four replicates were evaluated for each treatment. Model reduction was carried out by ANOVA analysis and the model was evaluated by plotting residual plots and sample quantiles against the theoretical quantiles (QQ-plot). Model comparisons were done with ANOVA and pairwise comparisons were done using glht() from the multcomp package [49]. A TUKEY test was done to evaluate the significance of all comparisons.




4. Results


Statistical analysis of the recorded data in three developmental stages (09, 51, and 60) of SB, FG, DB, and BB showed a significant effect for the priming time. Moreover, there was a significant difference between the four cultivars in the response to the priming at different developmental stages. Below, the results of priming have been presented separately according to developmental stage.



4.1. Emergence


Among the four evaluated cultivars, SB is normally monogerm and the others are multigerm with different numbers of embryos (Figure 2). Therefore, the final number of emerged seedlings can be affected by the number of embryos in the fruit. Figure 3A shows the cumulative emergence curve of treated and non-treated SB seeds. The final emergence was higher among treated seeds compared to the control. However, there was no difference between treatments. Among the evaluated cultivars, FG produced more than double the number of emerged seedlings than SB, especially after 16 h priming (Figure 3B). Although DB and BB also have multigerm seeds, the final number of emerged seedlings was similar to the monogerm seeds (Figure 3C,D). In general, the priming treatments increased emergence but in particular for BB seedlings emerged faster and the cumulative emergence was higher than in the untreated control.



In SB the priming treatments reached 50% of the maximum germination (t50) two days faster than the control, while this difference in FG and BB was three days between the best treatment and the control. DB showed the highest difference in t50 of the best treatment and the control, with six days difference.



Statistical analysis of AUC of each treatment showed a significant (p < 0.001) effect of priming time for all cultivars. Figure 4 gives a visual illustration of each cultivars’ AUC. In SB (Figure 4A), plants from treated seeds showed significantly better performance than the control, whereas for FG, 16 h priming (Figure 4B) was the only significant treatment in terms of AUC. In DB (Figure 4C), 24 h priming resulted in faster emergence compared to all other treatments and control. The response in BB (Figure 4D) was different, with all priming times performing equally better than the control.




4.2. Bolting


In the bolting stage (BBCH 51) the response to priming was similar to that of the emergence and the interaction effect of cultivar and time was significant (p < 0.001). Statistical analysis was carried out for each cultivar to see the effect of priming time on the required GDD for bolting. Figure 5 shows the effect of cultivar on GDD required for bolting.



The required GDD for bolting in the non-treated seeds of BB (Figure 5D) was higher than the other three cultivars, but this difference disappeared with the priming treatment. Even after 24 h of treating the seeds, BB required the least GDD among the tested cultivars. SB (Figure 5A) and FG (Figure 5B) had less reaction to priming in this stage, even though this difference was significant in SB, as opposed to FG. The required GDD for bolting in DB was similar in all treatment times and significantly lower than the control (Figure 5C). Moreover, there was less variation in the required GDD for bolting. Decreasing the variation in the required GDD leads to uniform bolting, which is a desirable character in seed production.




4.3. Flowering


Homogeneous flowering will lead to more uniform maturity in harvested seeds, which is crucial for seed quality, and therefore a low variation in BBCH 60 is desirable. The statistical analysis of flowering data showed a significant effect of priming time for each cultivar. Figure 6 shows the effect of cultivar on GDD required for flowering. The variation among the non-treated seeds was high in SB (Figure 6A) compared to the primed seeds and in particular to the 24 h treatment. In FG (Figure 6B), 16 h priming was the only effective treatment regarding GDD needed for flowering, both for the amount and the variation among the population. However, the largest difference in the required GDD in response to the treatment, in the flowering stage, was seen in DB and BB (Figure 6C,D). All treatments significantly lowered the GDD required and did not result in a lot of variation in GDD across replicates. Priming seeds for 8 h or 24 h significantly reduced the GDD requirement of BB (Figure 6D) for flowering.




4.4. Required GDD from Emergence to Bolting and Flowering


To study the potential reduction in required GDD for phenological development in the reproductive stages, ΔGDD was calculated as the difference in the required GDD from bolting to flowering (GDD Bolting-Flowering). Table 1 represents the pairwise comparisons of the difference between the required GDD for emergence with required GDD for bolting/flowering, and the difference between the required GDD for bolting and flowering. These comparisons were made between the treatments with the control for each cultivar.



The statistical analysis of GDD from E50 to Bolting in SB and FG did not show any significance (Table 1). However, this variable was significantly different between plants from all priming times compared to the plants from untreated seeds of DB and BB. SB did not show any significant difference in the other two variables as well. While the required GDD was slightly lower in 16 h priming time in FG regarding to GDD from E50 to Flowering and ΔGDD from bolting to flowering (p < 0.1).



For DB, 8 and 24 h priming significantly reduced the required GDD from E50 to flowering, same as GDD difference between bolting and flowering. The significance of the results for GDD from E50- to Flowering in BB was similar as DB, although for GDD from bolting to flowering 16 h priming showed high significance difference (p < 0.001). There was a notable difference in pairwise comparison of 8 and 24 h priming with the control (p < 0.1).




4.5. Side Branches


Evaluated cultivars in this study were different in the number of side branches. Plants from untreated seeds of BV and DB produced more branches (30 ± 2), while the number of branches in the subsequent plants from untreated seeds in FG had around 10 and BB had around 15 side branches (data not shown).



Despite the fact that the number of branches was higher for some of the treatments, this difference was not statistically significant. The pairwise comparison showed the significant effect of 16 h priming in FG and DB on the number of side branches. Figure 7 shows the difference in the number of branches between the control and treatments in FG.





5. Discussion


The effect of seed priming on emergence has been the subject of previous studies in different plants species and many studies have demonstrated the effect of this seed enhancement technique on emergence [28,39,50,51]. However, the response to priming depends on different seed morphological aspects such as cultivar, initial quality, and maturity, as well as the priming technique itself [30,52]. Species with high heterogeneity among the seeds can benefit more from priming [53]. In fact, priming tends to be more effective in seeds with low vigor comparing to high-vigor seeds [30]. The result of the present study (Figure 3) was in line with the previous study, which showed primed sugar beet seeds starting the emergence 2 to 4 days earlier compared to non-treated seeds [15].



Since seed priming studies were mostly carried out in sugar beet to stimulate the vegetative production, where bolting is not a desirable feature, the main attention has been to avoid or reduce the number of bolters. Durrant and Mash (1990) reported an increased bolting rate in thiram-steeped seeds of sugar beet [54], and Stout and Owen (1942) also reported an increased bolting in primed sugar beet seeds from a two-year experiment carried out in three sites in the western US [15]. The priming treatment aimed at vernalizing the seeds and the authors found an advancement of flowering of one month compared to plants grown from untreated seeds, when plants were grown in the greenhouse. Contrary, plants from the same treatments did not show a significant change in their reproduction development under field conditions [15].



To the best of our knowledge, in the seed priming studies there is a knowledge gap regarding the required GDD for bolting and flowering fulfilment. In the previous study on sugar beet [15], one month reduction in the flowering time was recorded, although the environmental conditions were not mentioned. These conditions could affect the amount of received GDD by the plants. In the present study, attempts were directed at filling this gap for four beta cultivars of which three are minor vegetable crops and therefore less studied than sugar beet.



In SB, all of the priming treatments had a positive effect on the emergence; however, since bolting was advanced, the applied seed priming treatments are non-beneficial for SB root production, while they are positive in SB seed production. The vegetative production of FG does not appear to benefit from priming. Yet, 16 h priming can improve seed production by affecting the emergence and flowering stage. Even the number of branches was improved by this treatment. The probable reason of variation in response to priming is unreliable determination of priming duration. If the duration of priming exceeds a critical point, the seed begins the irreversible part of the germination process, and this is termed “overpriming”. Rather than beneficial effects, overpriming can have negative results on seed performance.



In the cultivars DB and BB vegetative production, priming is not recommended, contrary to the positive effect of treatments in seed production (Table 2). Among the applied treatments, 24 h priming had positive effects on all evaluated developmental stages in DB. Likewise, nearly all treatments had positive effects on the emergence, bolting, and flowering of BB.



Topping is an apical dominance reduction technique, which should be applied to each plant in the bolting stage. Whether carried out manually or mechanically, this technique is costly and time consuming. The results of this study showed some increase in the number of branches in the plants that were grown from the primed seeds, although this increase was statistically significant just in FG. This increase in the number of branches following the priming treatment showed the potential of this technique as an alternative to topping, but further studies need to be carried out to determine the best priming situation for each cultivar.



Regardless of the effect of treatment on an individual developmental stage, treatment efficiency should be evaluated on the whole production process. Whether a treatment is advantageous or disadvantageous depends on the purpose of production. The conclusion of results is summarized in Table 2.



The novelty of this study is based on the evaluation of the required GDD for bolting and flowering enhancement in different beet cultivars in response to the seed priming prior to sowing. This achievement could be beneficial for further studies of beet phenological development and help in seed production management for minor vegetables crops in the beet variety groups.




6. Conclusions


The outcome of this study showed the potential of priming to influence the phenological stages bolting and flowering rather than just the germination. The treatment effect was significant on the emergence rate and required GDD for bolting and flowering. More homogeneous flowering can be achieved by seed priming, which leads to a better maturity distribution among the harvested seeds, as seeds with more uniform maturity have higher quality. Therefore, more comprehensive studies on the different factors should be carried out to determine the most effective priming method for each cultivar. This is of particular relevance for seed production of minor vegetable seed crops within beet variety groups. The duration of priming plays an important role. If seed priming time exceeds a critical point, the embryo is overprimed and begins the irreversible phase of germination. Rather than being beneficial, overpriming can negatively affect the embryo performance. The molecular basis of overpriming needs to be evaluated in future studies.







Author Contributions


B.B. and Z.S. initiated and designed the research; Z.S. performed the experiments, analyzed data, and wrote the manuscript; B.B. revised and edited the manuscript and also provided advice on the experiments and presentation of results.




Funding


The work was funded by GUDP (Grønt Udviklings- og Demonstrations Program) project J.nr.: 34009-12-0528, the Danish Agricultural Agency under the Ministry of Environment and Food of Denmark.




Acknowledgments


We are grateful to MariboHilleshög, Vikimia Seed and AdvanSeed for providing the seed samples.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Abbreviations




	Area under curve
	AUC



	Growing degree days
	GDD



	Rotate per minute
	rpm



	Sugar beet
	SB



	Fordhook giant
	FG



	Detroit beet
	DB



	Bull’s blood
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	Phenological development stages
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Figure 1. Monogerm (A) and multigerm (B) beet seed. 
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Figure 2. Magnified image of four applied beets seeds taken by TAGARNO MAGNUS HD TREND (Horsens, Denmark) digital microscope: (A) sugar beet (SB), (B) Fordhook Giant (FG), (C) Detroit Beet (DB), and (D) Bull’s Blood (BB). 
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Figure 3. Cumulative emergence curves of four beet cultivars ((A) SB; (B) FG; (C) DB; and (D) BB) as affected by 0, 8, 16, or 24 h priming recorded during emergence period. 
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Figure 4. Effect of priming time (0–24 h) on the total area under the emergence curve for four beet cultivars SB (A), FG (B), DB (C), and BB (D). 






Figure 4. Effect of priming time (0–24 h) on the total area under the emergence curve for four beet cultivars SB (A), FG (B), DB (C), and BB (D).



[image: Agronomy 09 00863 g004]







[image: Agronomy 09 00863 g005 550] 





Figure 5. Effect of priming time (0–24 h) on GDD required for bolting (BBCH 51) in four beet cultivars SB (A), FG (B), DB (C), and BB (D). 
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Figure 6. Effect of priming time (0–24 h) on GDD required for flowering (BBCH 60) in four beet cultivars SB (A), FG (B), DB (C), and BB (D). 
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Figure 7. Effect of priming time (0 h (A), 8 h (B), 16 h (C), and 24 h (D)) on the number of branches in FG. 
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Table 1. Pairwise comparisons (Tukey test) of the required GDD in different phenological stages compared to the control as the effect of priming time (8–24 h). The table shows the difference in the required GDD from 50% emergence to bolting (GDD E50-Bolting), and to flowering (GDD E50-Flowering), along with the GDD required from bolting to flowering (ΔGDD Bolting-Flowering) for four beet cultivars SB, FG, DB and BB.
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Cultivar

	
Priming Time (h)

	
GDD E50-Bolting (°Cd)

	
GDD E50-Flowering (°Cd)

	
ΔGDD Bolting-Flowering (°Cd)






	
SB

	
0

	
1085.75

	
1924.67

	
838.95




	
8

	
1085.19 ns

	
1843.09 ns

	
757.90 ns




	
16

	
1082.06 ns

	
1951.62 ns

	
869.56 ns




	
24

	
1083.26 ns

	
1824.65 ns

	
741.39 ns




	
FG

	
0

	
1077.93

	
1745.15

	
667.22




	
8

	
1076.58 ns

	
1782.42 ns

	
725.74 ns




	
16

	
1086.97 ns

	
1608.95

	
521.98




	
24

	
1077.45 ns

	
1751.86 ns

	
674.41 ns




	
DB

	
0

	
1049.78

	
1747.08

	
697.30




	
8

	
  997.81 *

	
1537.02 *

	
539.20 *




	
16

	
  988.97 **

	
1634.90 ns

	
645.93 ns




	
24

	
  994.39 *

	
1527.76 **

	
533.38 *




	
BB

	
0

	
1085.72

	
1674.09

	
555.06




	
8

	
1056.19 *

	
1559.13 ***

	
502.94




	
16

	
1045.63 **

	
1703.42 ns

	
657.79 **




	
24

	
1015.66 ***

	
1521.82 ***

	
506.16








ns non-significant; p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001.
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