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Abstract: A low seed-setting rate is the main limiting factor influencing Tartary buckwheat production under high-yield cultivation conditions. To investigate the seed setting and its spatial characteristics, two Tartary buckwheat cultivars (high seed-setting rate cultivar Qianku 3; low seed-setting rate cultivar Liuku 3) were compared by a two-year field trial in 2017 and 2018. The results showed that the Tartary buckwheat underwent simultaneous flowering and fruiting. Flowers, generated from branch, were still blooming during the mature stage of grains on stem, which resulting in a greater number of flowers and grains on the branch than those on the stem at the low part of plant. The seed-setting characteristics significantly differed between two cultivars. The high seed-setting rate of Qianku 3 was 26.6% and 33.2% higher than Liuku 3 in 2017 and 2018, respectively. Meanwhile, Qianku 3 showed a higher filled grain number (157.8%) and seed-setting rate (66.4%) on branch than Liuku 3. A network analysis showed that the whole-plant seed-setting rate was positively correlated with grain number, which was closely correlated with flower number at the same position of plant. The path-coefficient analysis revealed that grains number on branches was the most dominant component (Path coefficient (P) = 2.19) of the seed-setting rate, followed by grains number on stem (P = 0.60). The grains number on branches showed the greatest positive direct effect with significant correlation (r = 0.76 and P < 0.01) on the seed-setting rate. Overall, the present study indicated that the grain number of branches may play a vital role in improving the seed-setting rate in Tartary buckwheat.
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1  Introduction

Buckwheat (Fagopyrum Mill.) is an important medicinal and edible minor cereal crops planted worldwide owing to its medicinal and nutritive values [1,2]. There are two cultivated species of buckwheat, Tartary buckwheat (Fagopyrum tataricum (L.) Gaertner) and common buckwheat (Fagopyrum esculentum Moench). In generally, the morphological traits of Tartary buckwheat are like common buckwheat but there is some difference. The stem of Tartary buckwheat is more robust, and the plant height of Tartary buckwheat is up to 100~150 cm, while that of common buckwheat is 60~100 cm. More importantly, Tartary buckwheat has greater nutritious and pharmacological values than common buckwheat and other cereal crops, especially in medicinal applications [3–5]. The proteins and vitamins in Tartary buckwheat grains are not only far greater than wheat, rice and maize, but they can also be easily absorbed by the human body. Additionally, Tartary buckwheat contains all the essential amino acids, and the composition is like eggs [6,7]. In recent years, Tartary buckwheat has become more popular because it is rich in flavonoids, which may aid in preventing cancer and cardiovascular disease [1,8–9]. Thus, with the growing commercial interest in Tartary buckwheat, its production requires has caused great attention. In China, especially southwest China, has the largest planting area of Tartary buckwheat, and it plays an important role in the global production [10,11]. However, the yield of Tartary buckwheat is 1200~1500 kg ha–1 in production, because of the inadequate agricultural strategies in production, the low seed-setting rate results in its low and unstable yield of Tartary buckwheat [6].

Crop yield is closely correlated with blooming and fruiting, which is an essential factor among yield components. For most crops, most flowers will develop into fruits. For instance, the seed-setting rates of rice and wheat are more than 80% [12] and 85% [13]. However, Tartary buckwheat had very low seed-setting rate of about 15%–35% [14], because few seeds were developed from numerous flowers produced by Tartary buckwheat plants [6,15]. Peng et al. [16] found that sterile rice mainly aborted at the uninucleate stage. The pollens abortion rate was closely correlated with abnormal tapetum activities, such as the premature disintegration of tapetal cells around anthers or their premature aggregation into a circle. The abnormal growth and burst of pollen tubes may be the key factors causing pollination failure [17–19]. In the grain filling of rice, maize and wheat, enzymes [20,21], water [22], temperature [23,24], spikelet positions [25–27] and the levels of relevant hormones [28–30] play essential roles. In addition to cellular studies, there have been many molecular studies in wheat [31,32]. The low seed-setting rate appears to be influenced by many climatic factors, such as temperature [33], drought stress [34], water [35] and photoperiod [36]. In common buckwheat, Halbrecq et al. [37] found that limited assimilate supplies are not the important factor responsible for the low seed-setting rate. Taylor et al. [38] and Jacquemart et al. [39] stated that common buckwheat fertilization is a limiting process and the lack of fertilization is the main reason for the low seed-setting rate, but not for the factor of flower abortion. However, there are many differences in pollination and fruiting between Tartary and common buckwheat. The studies on the seed-seting rate of Tartary buckwheat are rarely explored. The specific circumstance of its blooming and fruiting remains unknown, especially why the low seed-setting rate became a characteristic of Tartary buckwheat [15]. In addition, there is limited finding on the characteristics and spatial distribution of plant fruiting or the effects and contributions of the grains on each part of plant (including stems and branches, or the upper, middle and lower areas of plant) to the seed-setting rate of the whole plant. Therefore, the objectives of this study were to: (1) investigate the spatial distributions and quantify the grains and flowers throughout the plant; and (2) assess the correlations among seed-setting rate, grain numbers and flower numbers.

2  Materials and Methods

2.1 Plant Materials and Site Description

Two Tartary buckwheat cultivars with different seed-setting rates were employed in this experiment [40]: the high seed-setting rate cultivar (Qianku 3, 29.1%) and the low seed-setting rate cultivar (Liuku 3, 23.3%), donated by Weining Institute of Agricultural Sciences and Liupanshui Agricultural Institute of Guizhou, respectively. The field experiment was conducted in 2017 and 2018 during growth stage at the Wufeng Experimental Station of Chengdu University, Sichuan Province, China (104°48′E, 30°60′N, 494 m altitude). The soil at the experimental site was sandy loam that contained 15.2 g kg–1 organic material and 128.0, 23.7 and 116.0 mg kg–1 of available N, P and K, respectively. Before sowing, 45 kg hm–2 urea (N), 120 kg hm–2 phosphorus (P2O5) and 40 kg hm–2 potassium oxide (K2O) were applied and incorporated. An additional 45 kg hm–2 urea (N) was distributed during the seedling stage. Seeds were soaked with 0.1% potassium permanganate before sowing on 05 September 2017 and 07 September 2018 with a hole spacing of 0.3 m × 0.4 m and five seeds per hole. The experiment was arranged as a randomized complete block design with three replications (6 plots). The plot dimensions were 5 m × 10 m. The 17-d and 20-d old seedlings were thinned out, and finally, two seedlings were maintained per hole. The plants were harvested on 25 November 2017 and 28 November 2018. Conventional irrigation, insect and weed controls were utilized as needed.

2.2 Sampling and Measurement Methods

In each experimental plot, 15 consecutive plants were randomly selected. Each panicle generated from branch and stem was placed into a single paper bag, which was also ranked according to the position of panicle from bottom to top of plant. The unfilled and filled grains, identified using water-deposition processing, and sterile flowers were counted for each bag. Thus, the numbers of sterile flowers, unfilled grains and filled grains were determined for each bag and summed for total number of flowers generated from plant. To investigate the spatial distribution, the data of abovementioned measurements was separated into two parts for comparison according to the position where panicle was generated, thus stem and branch. Besides, by regarding the source of panicle, the data was organized according to panicle height on plant which was divided into upper, middle and basal parts with equal length of plant. The seed-setting rate (SR) was calculated as: SR (%) = number of filled grains/total number of flowers × 100.

2.3 Data Analysis

The statistical analysis was performed using DPS 14.5 (http://www.dpsw.cn), and the differences among treatments were assessed by Duncan’s multiple range test (P < 0.05). R 3.6.0 (http://www.r-project.org/) and Cytoscape 2.7.0 (http://www.cytoscape.org/) were used for network analysis and construction. The average data for the two years were used for network analysis and path-coefficient quantifying the intensity of each direct effect on the variable response because of similar trends.

3  Results

3.1 The Change of Inflorescence

The Tartary buckwheat reach flower and seed stages simultaneously and maintains many blossoms from the flowering through maturity stages (Fig. 1). At the maturity stage (Fig. 1B), two cultivars have many fresh flowers, filling grains, sterile flowers (Fig. 1C) and unfilled grains (Fig. 1D) on the same spikelet. Thus, the fresh flowers cannot be developed into mature grains till harvest resulting the yield reduction of plant (Fig. 1B).
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Figure 1: Sterile flowers, unfilled grains and inflorescences of two Tartary buckwheat cultivars. A: spikelet of Tartary buckwheat at the filling stage; B: spikelet of Tartary buckwheat at the mature stage; C: sterile flower; D: unfilled grain

3.2 Flowers, Grains and Seed-Setting Rate

In both growing seasons, significant differences in the number of total flowers, filled grains, unfilled grains and seed-setting rates were observed between two cultivars (Table 1). Qianku 3 generated more flowers, filled and unfilled grains, and higher seed-setting rate than Liuku 3 with average over two years of 945.9, 289.7, 279.3 and 30.6%, respectively. Compared with LiuKu 3, Qianku 3 achieved 26.6% higher seed-setting rate in 2017 and 33.2% higher seed-setting rate in 2018. Significant differences were not observed on sterile flowers between two cultivars in both years.

[image: images]

There were different proportions of filled grains, unfilled grains, and sterile flowers in the two cultivars (Fig. 2). As showed in Table 1, Qianku 3 showed lower ratio of sterile flower to total number of flowers than Liuku 3 in 2017 and 2018. Qianku 3 showed no difference between the ratios of filled grains and unfilled grains to total number of flowers in 2017 and 2018. However, the proportion of unfilled grains of Liuku 3 was significantly higher than proportion of filled grains, which was observed in both 2017 and 2018. Although the significant higher proportion of filled grains was observed in QianKu 3 than Liuku 3, the sum proportion of unfilled grains and sterile flowers in LiuKu 3 reached up to 76.7% indicating the great production loss during the reproductive growth period.
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Figure 2: The ratio of each indicator (filled grains, unfilled grains, and sterile flowers) to total number of flowers for two Tartary buckwheat cultivars in 2017 and 2018. The letter a, b, and c denote significant differences between indicators of each cultivar at the level of P < 0.05. Vertical lines at the tops of the bars show SE

3.3 The Spatial Distribution of Flower and Grain

The number of filled grains, unfilled grains and sterile flowers differed significantly between main stem and branches in two Tartary buckwheat cultivars in 2017 and in 2018 (Fig. 3). For the cultivar with high seed-setting rate (Qianku 3), the total number of flowers generated from branches including FGB (Filled grains of branches), UGB (Unfilled grains of branches) and SFB (Sterile flowers of branches) is higher than those from main stem in both 2017 and 2018. Besides, the numbers of FGB, UGB and SFB were higher than that from main stem, respectively. Similarly, Liuku 3, the low seed-setting rate cultivar, generated more flowers generated from branches than those on main stem. However, the FGB of Liuku 3 was lower than SFB, UGB in both 2017 and 2018, which showed different trend with that of Qianku 3.
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Figure 3: Differences among filled grains, unfilled grains and sterile flowers between main stems and branches in two Tartary buckwheat cultivars. FGS: Filled grains of main stem; UGS: Unfilled grains of main stem; SFS: Sterile flowers of main stem; FGB: Filled grains of branches; UGB: Unfilled grains of branches; SFB: Sterile flowers of branches. The letter above each bar denotes significant differences at the level of P < 0.05. Vertical lines at the tops of the bars show SE

3.4 The Spatial Distributions of Seed-Setting Rate

By calculating the seed-setting rate on different parts and the levels of plant, we observed great variations between two cultivars in respect to the spatial distributions of seed-setting rates in different parts of plant (Table 2). Qianku 3 showed significant higher seed-setting rate of the flowers on branch (33.8%) than stem (21.4%). However, the opposite result was found in Liuku 3 that the lower seed-setting rate was observed on branch than on main stem. In addition, the difference of seed-setting rate on branch between two cultivars was greater than that on main stem. Qianku 3 exhibited quite stable seed-setting rates in different levels of plant, showing a range of 28.9%–29.8%, whereas Liuku 3 showed a significant decrease on seed-setting rates from top to bottom parts of plant. The seed-setting rate of lower part of plant was reduced by 16.7% compared with upper part of plant. The similar results were observed in 2018 as for 2017.
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3.5 Network Analysis

Due to consistent changes of results in two years, the mean value of two years for each trait were calculated for performing correlation-based network analysis (Fig. 4). Significant correlations were observed between seed-setting rate of whole plant and four traits, including grains of stems, branches, upper part of plants, and middle part of plants. The grains number of different parts of plant (GS, GB, GMP, GLP, GUP) showed positive correlations with flowers number at the corresponding position of plant (FS, FB, FMP, FLP, FUP), respectively. The GS was significantly and positively correlated with FS, FUP and GUP. Correlation analysis revealed that all traits were significantly correlated with GB, except FS and GS.
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Figure 4: Correlation-based network analysis of seed-setting associated traits of Tartary buckwheat. Solely significant correlations were kept (P < 0.05) in network. All the edges between nodes indicate positive correlations; contiguous arrows present the correlations between seed-setting rate and its associated traits; zigzags link the traits derived from the same level of plant. Circles represent grains and flowers of plants at different positions, and hexagons represent seed-setting rates. SR: Seed-setting rate of whole plant; GS: Grains of stems; FS: Flowers of stems; GB: Grains of branches; FB: Flowers of branches; GUP: Grains of upper part of plants; FUP: Flowers of upper part of plants; GMP: Grains of middle part of plants; FMP: Flowers of middle part of plants; GLP: Grains of lower part of plants; FLP: Flowers of lower part of plants

3.6 Path-Coefficient Analysis

The path-coefficient analysis (Table 3) revealed that grains of branches exhibited a maximum positive direct effect (2.19) on the seed-setting rate, followed by grains of stems (0.60), flowers of upper whole plants (0.40), and grains of middle whole plants (0.14). The direct effects of flowers of stems and branches, grains of upper part of whole plants, flowers of middle part of plants, and both grains and flowers of lower part of plants were negative. The rest of traits had positive indirect effects on the seed-setting rate through grains of branches. The indirect effects of grains on branches through other traits indicated that using grains of branches to directly select high seed-setting rate cultivars will be effective. Grains of branches showed the greatest positive direct effects and correlation (r = 0.76) on seed-setting rate. This strong correlation resulted in a large positive direct effect on the maturation rate.

The residual effect of 0.21 indicated that 78.9% of the contribution of the 10 studied component characteristics to the seed-setting rate was assessed by path-coefficient analysis. The remaining 21.1% was contributed by other factors that still needs to be explored.

[image: images]

4  Discussion

The key factor in improving the yield of Tartary buckwheat is to raise seed-setting rate, which depends on increasing the number of grains developed from blossoms (Fig. 1). A single plant can have thousands of flowers, but it may only produce hundreds of mature seeds owing to light, temperature, water and nutrient levels, and the development of its own vegetative organs [41,42]. In addition, the fruiting-rate is closely correlated with the grain-filling characteristic, which are significantly different among the various cultivars. Therefore, the cultivars with many flowers may not have a high seed-setting rate. In this trial, the high seed-setting rate cultivar, Qianku 3, achieved a greater number of total flowers, filled grains, unfilled grains, and sterile flowers than that of Liuku 3 (Table 1). This phenomenon may result from a greater proportion of sterile flowers to total flowers of the cultivar with low seed-setting rate (Fig. 2). Taylor et al. [38] suggested that the main limitation to seed set is the lack of embryo initiation caused by the absence of fertilization. The pollen tube fails to penetrate the micropyle, which may result from the low viability and quality of the pollen [37,38]. The findings reported by Halbrecq et al. [37] suggested that lower part of the inflorescence of high seed-setting cultivar possessed more seeds than the apical part (Table 2). This may be explained that the flowers blossoming earlier may have a greater chance to set seeds than in flowers that blossoms later in the same inflorescence [43].

The seed set of buckwheat plants is globally poor, despite the abundant flowers. Here, the seed-setting rates of both cultivars were less than 32%, which supported the previous results in which the numbers of flowers could surpass 1,000, but the maturation rates of Tartary buckwheat seeds were between 15%–35% [14]. The numbers of total flowers, filled grains, and unfilled grains were different among cultivars. However, there was no significant difference in the numbers of sterile flowers (Table 1). Whether all other cultivars of buckwheat show the similar seed set traits still needs to be explored in future. The maturation rates at different positions showed obvious differences. The more filled grains occurred on branches of Qianku 3 cultivar than on the stem, whereas the maturation rate of seed on branch was not always greater than on stem (Fig. 2, Table 2). It is well documented that rice development was different on different position of plant [26,27]. In this study, the Qianku 3 cultivar had same seed-setting rate at the upper, middle, and lower position of plant, but the seed-setting rate of upper was significantly higher than middle and lower for Liuku 3 (Table 2). It may be related to the activities of key enzymes controlling starch synthesis associated with grain filling at different position of plant [26]. The distribution of flower, grains on other positions (i.e., the secondary branch) in Tartary buckwheat and the contribution of dry matter to flower and grain distribution still requires further study.

A path-coefficient analysis calculated the correlations between grains, flowers and seed-setting rate, considering any cross correlations and dividing the total correlation into direct and indirect effects on different components [44]. In the present study, the maximum positive direct effect (2.19) of grain number of branches on the seed-setting rate suggested that grains of branch is a significant factor in improving seed-setting rate and yield of Tartary buckwheat, which is similar with the findings in soybean [45].

In this experiment, the low seed-setting rates (23.8%–31.7%, Table 1) were observed for both cultivars caused by the great number of sterile flowers and unfilled grains, which might be related to the deficit of available photosynthetic matters for blossoming and grain filling [45]. Moreover, the cultivars with abundant flowers and branches may show an advantage in breeding applications [46]. In production, the cultivation techniques should be applied to optimize the key characteristics of seed-setting, which is increasing the number of filled grains of whole plant to improve the seed-setting and yield of Tartary buckwheat.

5  Conclusion

Tartary buckwheat undergoes simultaneous flowering and seed setting, which results in many unfilled grains and sterile flowers that cannot form effective grains and negatively influences yield. The seed-setting rate was closely correlated with the position on the plant and the number of filled grains. Especially, the number of filled grains of branches was the most dominant component of the seed-setting rate of Tartary buckwheat. The grain number of branches should be focused on breeding the cultivar with high seed-setting rate and high-yielding Tartary buckwheat.
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Table 1: Analysis of variance of different production indicators in Tartary buckwheat

Year Cultivar Total Filled Unfilled Sterile
flowers grains grains flowers

Seed setting rate (%)

2017 Qianku 3 9339 +£30a 275.8+2.7a 277.8 £4.1a 380.3 £ 3.8a

Liuku 3 672.6 £4.9b 156.6 +£3.4b 170.4 +4.0b 345.6 +4.2a
2018  Qianku3  957.9+£9.5a 303.6+6.6a 280.8+19a 373.5+2.7a
Liuku 3 701.8 £3.8b 1669+ 1.9b 173.1 +3.9b 361.9 +6.0a
ANOVA
F-value Year () 103.46N5  4.7N5 451.6* 0.17%%
Cultivar (C) 9770.76%*  213.1%* 6504.2%* 4,047
YxC 0.54N5 10.57* 0.0066™° 16.17%*

29.5 £ 1.3b
23.3+3.9¢
31.7+1.7a
23.8 £ 1.3c

2,505
690.4%*
9.60%*

Notes: Within each column, letters a, b and ¢ denote s1gn1ﬁcant differences between cultivars in the given year (P < 0.05). For ANOVA, Y x C
represents the interaction between year and cultivar. >, not significant. *, significant (P < 0.05). **, significant (P < 0.01). Data was presented

with means + standard deviations (n = 15).
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Table 3: Path-coefficient analysis showing direct and indirect effects of traits on the seed-setting rate of Tartary

buckwheat
Trait Direct Indirect effects Correlation
effecs 5 FS  GB FB  GUP FUP GMP FMP GBP FBp 1SR
GS 0.59 - —0.342 0.431 -0.173 -0.154 0.161 0.030 —0.042 0.015 0.021 0.542*
FS  -0.501 0.407 - 0.559 —0.191 —0.227 0.252 0.026 0.001 —-0.006 0.028 0.348NS
GB 2.189 0.117 -0.128 — —-0.821 —0.504 0.327 0.135 —0.246 —0.266 —0.094 0.759**
FB 0909 0.114 -0.105 1.977 — —0.466 0.343 0.118 —0.281 —0.246 —0.108 0.437"S
GUP -0.522 0.176 -0.218 2.113 -0.812 — 0.370 0.125 —0.223 —-0.245 —0.083 0.682**
FUP 0.401 0.239 -0.314 1.782 —0.778 —0.482 — 0.099 —0.199 —0.190 —0.066 0.493"S
GMP 0.139 0.127 -0.093 2.128 —0.773 -0.469 0.287 — —0.253 —0.248 —0.085 0.708**
FMP -0.301 0.083 0.002 1.792 -0.849 —0.387 0.266 0.117 — —0.218 —0.102 0.402™°
GLP -0.290 -0.030 —0.010 2.012 —-0.770 —0.440 0.263 0.119 —-0.226 — —0.115 0.512™8
FLP -0.131 -0.096 0.107 1.584 —0.753 —0.334 0.203 0.090 -0.235 —0.255 — 0.179™8

Notes: Residual effect, R =0.211; *, Significant at the 5% probability level; **, Significant at the 1% probability level, NS hot significant.; SR: Seed-
setting rate; GS: Grains of stems; FS: Flowers of stems; GB: Grains of branches; FB: Flowers of branches; GUP: Grains of upper whole plants; FUP:
Flowers of upper whole plants; GMP: Grains of middle whole plants; FMP: Flowers of middle whole plants; GBP: Grains of lower whole plants; FBP:

Flowers of lower whole plants.
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Table 2: The spatial distribution of seed-setting rate (%) for two Tartary buckwheat cultivars in 2017 and 2018

Year Cultivar Whole plant Whole plant
Stem Branch Upper Middle Lower

2017 Qianku 3 21.4+031b 33.8+082a 289+0.77a 29.5+032a 29.8+027a
Liuku 3 273+0.77a 20.8+0.17b 31.3+092a 24.1+£0.70b 14.6 = 1.08¢c

2018 Qianku 3 244 +0.18b 35.6+0.7la 31.6+0.15a 31.8+0.52a 31.8+0.80a
Liuku 3 28.7+0.08a 20.9+0.16b 31.7+1.18a 24.7+0.79b 14.6 = 0.40c

ANOVA

F-value  Year (Y) 8.55M° 1.33N° 1.66N° 3.14M% 0.96N°
Cultivar (C)  46.29™° 283.65% 1.19M% 59.83M° 258.34%
YxC 3.79N5 12.75% 5.020° 6.25% 5.10M°

Notes: Within each row, letters a, b and ¢ denote significant dlfferences of seed-setting rate in different position in a given year (P < 0.05). For

ANOVA, Y x C represents the interaction between year and cultivar. >, not significant. *, significant (P < 0.05). **, significant (P < 0.01). Data

renresent means =+ standard deviations (n = 15).
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