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Seed position – dependent effects on seed dormancy/germination are well documented at the inflorescence/infructescence level, but less is known about seeds at different positions within a dispersal unit. For the invasive winter annual grass Aegilops tauschii, we quantified morphology, mass and dormancy/germination of seeds from basal (1), middle (2), and distal (3) positions in two spikelet types (Left and Right). We also investigated seedling emergence, survival, plant size and seed production of plants from seeds in different spikelet positions of two spikelet types under different soil nutrient and water conditions. We found that these seed, seedling and plant traits performed as mirror images between the Left and Right spikelet types. The middle seed was significantly the longest and had the maximum mass, while the basal seed was the shortest and had medium mass. Middle seeds had the highest increase in mass during imbibition and the highest germination percentages and rates, while basal seeds had the lowest. Seedling emergence and survival, plant size and seed production for each position of seeds were highest in the added fertilizer combined with regular watering treatment and lowest in the no fertilizer combined with natural moisture, while height of plants derived from the middle and the distal seeds was significantly higher than that of plants derived from the basal seeds under all soil nutrient and water conditions. Seedling survival, number of tillers per plant and seed production per plant from the middle and distal seeds were significantly lower than those from basal seeds under all soil nutrient and water treatments. The considerable variation in seedling emergence and survival, plant size and seed production between seeds in different positions in the spikelet results in much flexibility in all stages of the life cycle, thereby likely contributing to the invasiveness of A. tauschii.
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Introduction

Variation in seed morphology and dormancy/germination at the level of the inflorescence is well documented, with a general trend for seeds from flowers at the distal positions to be smaller than those from flowers at the basal positions (Winn 1991; Ashman 1992; Wolfe, 1992; Obeso, 1993; Moravcová et al., 2005; Hughes and Simons, 2014). However, less is known about seed variation due to position within a dispersal unit (but see Datta et al., 1970; Wang et al., 2010; Volis, 2014). Variation in plant regeneration from seeds likely favors the spread of introduced alien plant species into new regions and could potentially contribute to their naturalization success (Annamária et al., 2019). However, only relatively few case studies of variation in regeneration from seeds of invasive plant species have been reported (Moravcová et al., 2005; Monty et al., 2016; Qu et al., 2020), and the ecological consequences on invasion success are not well understood.

Aegilops tauschii Coss. (syn. Aegilops squarrosa L.; Tausch’s goatgrass, Poaceae) is a winter annual weed native to eastern Europe and western Asia (Wang et al., 2021). Wild populations of A. tauschii are widely distributed in arid and semi-arid habitats in central Eurasia, occurring from Turkey to western China (Zhou et al., 2021). A. tauschii was first recorded in China in 1955 (Yu and Li, 2018), but now it has invaded the key winter wheat growing provinces of Shandong, Shanxi, Shaanxi, Henan and Hebei (Wang, Yuan et al., 2018; Gao et al., 2019; Wang, Tian et al., 2021) and has become one of the most difficult weeds to control in wheat fields (Yu and Li, 2018; Wang et al., 2019). Since A. tauschii is one of the wild relatives of wheat, its genome has been widely studied (Huang et al., 2002; Mizuno et al., 2010; Wang et al., 2013; Zhao et al., 2017), and many studies have focused on introduction and utilization of its genetic resources in wheat breeding and improvement (Cox et al., 2017; Kishii, 2019; Zhou et al., 2021). Also, since it is an invasive annual species that propagates only by seeds, seed germination and seedling growth experiments have been carried out by grouping all seeds together (Wang et al., 2018, 2020; Gao et al., 2019), but little or no attention has been given to the position in the spikelet (dispersal unit) where seeds are produced.

An individual plant of A. tauschii can produce several to dozens of tillers, and each tiller has one compound spike that contains several, even more than 10, spikelets. The spikelets are produced one above the other along the axis of the spike, and the spikelets can be divided into two types (Left and Right, hereafter L and R, respectively; Figure 1) due to the developmental direction of the basal seed. The order of the two types of spikelets on the axis varies. When seeds mature, the axis breaks off node by node, and a spikelet is dispersed with each piece of the axis. Number of florets in a spikelet varies from 1 to 5, and florets in a spikelet are numbered from 1 (the most basal) to 5 (the most distal; Figure 1). The one or two most distal florets in a spikelet do not produce seeds, and approximately 85% of the spikelets contained three filled seeds (A. B. Wang, pers. observ.).
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FIGURE 1
 Compound spike and spikelets of Aegilops tauschii. The diagram shows the gradation of spikelets in the compound spike. L represents a spikelet with the developmental direction of the basal seed to the left; R represents a spikelet with the developmental direction of the basal seed to the right. Both types of spikelets are dispersed with a small piece of the broken axis attached to them. Numbers 1–5 refer to seeds from the most basal position to the most distal position in a spikelet. The seed in positions 1, 2 and 3 is filled, and these seeds were placed in study groups 1, 2 and 3, respectively. Seeds in position 4 and 5 are not filled.


Invasive species generally are more successful under resource-rich than under resource-poor conditions (e.g., Huenneke et al., 1990; Suding et al., 2004; Going et al., 2009; Vallano et al., 2012), and the addition of water increases establishment and survival of some invasive species such as Holcus lanatus (Thomson et al., 2006) and Aegilops triuncialis (Eskelinen and Harrison, 2014). Since A. tauschii has become one of the most difficult weeds to control in wheat fields in China where fertilizer and water (irrigation) are added, we wanted to know the effects of added resources on the growth of A. tauschii. Although low levels of both light and soil water can cause decreases in total dry mass per plant of A. tauschii seedlings (Wang et al., 2019), seedling/plant performance from seeds in different positions within a spikelet under different nutrient and water conditions is not known.

We hypothesized that: (1) there is variation in morphology and dormancy/germination of seeds in different positions in the spikelets of A. tauschii, (2) seeds in different positions give rise to plants that vary in growth, survival and seed production (fitness) in different soil nutrient and water conditions and (3) variation in seeds in different positions results in life history differences that increase adaptiveness of this invasive winter annual.



Materials and methods


Study site and seed collection

The study site was an experimental field with sandy soil, which typical of the region where wheat is grown, located on the campus of Henan University, Kaifeng, Henan Province, China (E: 114.23, N: 34.52, altitude 73 m). All spikelets were collected from about 3,000 individual plants of A. tauschii growing at the study site on June 8–12, 2020, at which time seeds were fully matured. The two types of spikelets and their seeds were used in this study, and seeds in positions 1 (basal), 2 (middle), and 3 (distal) of a spikelet are referred to as groups 1, 2, and 3, respectively.



Seed morphology and mass

We determined dimensions and mass of caryopses (hereafter seeds) in each of the three groups of seeds and associated structures in both types of spikelets. The seeds, axes, lower and upper glumes and lemmas, and paleae were removed from 50 spikelets of each type and their length and width measured using vernier calipers. Length of awns also was measured. Seeds and the associated structures were separated from four replicates of 100 spikelets of both L and R types (Figure 1) and weighed using an analytical balance (0.0001 g).



Water uptake (imbibition)

To measure water uptake (imbibition), fresh seeds (with and without lemmas and paleae) and structures separated from four replicates of 100 spikelets of both types 2 weeks after collection were placed on Whatman No. 1 filter paper moistened with distilled water in 12 cm diameter Petri dishes at room conditions. At time 0 and at 1-h intervals until final constant mass was reached, structures and seeds were removed from the dishes, blotted dry with filter paper, weighed with an analytical balance to the nearest 0.0001 g and returned to the Petri dishes. Percentage increase in mass (water uptake) was calculated by dividing the increase in mass by the original mass.



Germination of fresh seeds

For both kinds of spikelets, four replicates of 25 fresh seeds (2 weeks after collection) of each group separated from spikelets (separated seeds without lemmas and paleae) and 25 intact spikelets with the seeds inside were placed on two layers of Whatman No. 1 filter paper moistened with distilled water in 12-cm diameter Petri dishes. Seeds were incubated at daily temperature regimes of 15/6, 22/12, 28/18, and 32/24°C in light (12-h daily photoperiod, c. 100 μmol m−2 s−1, 400–700 nm, cool white fluorescent light) or in constant darkness (Petri dishes placed in black bags) for 28 days. A seed was considered to be germinated when the coleorhiza (with a shoot-born root inside it) had emerged (see Tillich, 2007). The four temperature regimes approximate mean daily maximum and minimum monthly air temperatures in the city of Kaifeng during the growing season: late February, March, and November, 15/6°C; April and October, 22/12°C; May and September, 28/18°C; June, July, and August, 32/24°C.1

Germination in light of seeds separated from spikelets was examined daily for 28 days, and any seeds that had germinated were removed from the dishes; distilled water was added when needed. It was difficult to check germination of seeds in the intact spikelets each day; thus, germination of seeds in intact spikelets incubated in light as well as those incubated in darkness was checked only after 28 days. The rate (speed) of germination in light of separated seeds was estimated using a modified Timson index of germination velocity: germination index = ∑G/t, where G is seed germination percentage at 1-day intervals, and t is the germination period (Timson, 1965). A high value indicates rapid germination, with the highest value obtainable being 100, when 100% of the seeds germinated on the first day (i.e., 2800/28).



Effect of afterripening on dormancy-break/germination

Germination of fresh separated seeds and seeds within intact spikelets in light and in darkness across all temperature regimes was 7%–80% and 0%–66.8%, respectively, while seed viability tests using the tetrazolium test gave a positive test in 95% of the non-germinated seeds, indicating that a portion of the seeds was dormant. Dormancy-break by afterripening is one of the characteristics of seeds with nondeep physiological dormancy (PD; Baskin and Baskin, 2014). Thus, we determined if seeds come out of dormancy (after-ripen) during dry storage. Seeds were stored for 0 (control) and 12 months in a closed cotton bag under room conditions (15°C–25°C, 20%–35% relative humidity), beginning June 26, 2020. After dry storage, four replicates of 25 separated seeds of each group and 25 intact spikelets with seeds inside were incubated in Petri dishes on two layers of filter paper moistened with distilled water at each of the four temperature regimes in light and in constant darkness for 28 days.



Seedling emergence and survival, plant size and seed production

On October 18, 2020, 80 separated seeds of each of the three seed groups from spikelet types L and R were sown in 16 1.8-m long × 1.5-m wide plots in sandy soil in the experimental field. In the nonfertilized soil, total nitrogen content was analyzed using an elemental analyzer (Perkin Elmer 2400, United States), total phosphorus content was determined by the molybdenum blue colorimetry method after digestion with perchloric and sulfuric acid (John, 1970) and the rapidly available potassium was extracted with ammonium acetate and measured by atomic absorption spectrometry (Knudsen et al., 1982). The content of nitrogen, phosphorus and potassium was 1.2740, 0.5244 and 0.0690 g/kg, respectively, which represents the mean level of soil nutrients in the local wheat farmland. Before sowing, the soil was ploughed to a depth of 30 cm, and fertilizer (75 g/m2 of 10:10:10 N, P and K fertilizer, which is the same as that used in the local cultivation of wheat) was added to eight plots for each seed group, while the other eight plots of each seed group were not fertilized (control). In each soil nutrient condition, four plots for each seed group received only natural precipitation, while the other four were watered to field capacity weekly, except from December to mid-February, when seeds received moisture only from snow and rain; evaporation was very low. Thus, there were four soil conditions: added fertilizer and watered regularly (high nutrient and high water, H–H); added fertilizer and no water (H–L); no fertilizer and watered regularly (L–H); and no fertilizer and no water (L–L). Emergence of seedlings was recorded weekly until June 1, 2020, by which time plants had flowered and set seeds. Then, height of plants, number of tillers per surviving plant, spikelets per tiller and seeds per spikelet were recorded. Number of seeds per plant and number of seeds from all surviving plants were calculated. Temperature, rainfall and evaporation data were obtained from the China meteorological administration (see Footnote 1).



Statistical analysis

Generalized linear model (GLM) was used to test for significance of the (1) main effects (spikelet type and seed position) and their interaction on size and mass of seeds and associated structures; (2) main effects [spikelet type, seed position and treatment (seeds with or without lemmas and paleae)] and their interaction on percentage of increase in mass of seeds during water absorption; (3) main effects (spikelet type, seed position and temperature) and their interaction on germination index of fresh seeds; (4) main effects (spikelet type, seed position, light and temperature) and their interaction on germination percentage of fresh seeds; (5) main effects [seed age (fresh seeds or seeds after 12 months of dry storage), light, temperature, spikelet type and seed position] and their interaction on germination percentages; (6) main effects [seed age (fresh seeds or seeds after 12 months of dry storage), temperature, spikelet type and seed position] and their interaction on germination index of seeds; and (7) main effects (spikelet type, seed position, soil condition and season) and their interaction on seedling emergence, seedling survival, plant size and seed production.

To determine the impacts of seed position on dimensions and mass of seeds and associated structures, final percentage of increase in mass during water absorption, germination index and percentages of fresh seeds and 12 months dry stored seeds, seedling emergence, seedling survival, plant size and seed production, the impact of spikelet type on dimensions and mass of axes, lower glumes and upper glumes, and the differences of dimensions and mass between lower glumes and upper glumes, one-way analysis of variance (ANOVA) was applied to determine the differences of these traits among different seeds in different positions of spikelets. All data were analyzed for normality and homogeneity of variance prior to analysis to fulfill requirements for ANOVA. If data were normal and homogeneous, they were subjected to further analysis. If data exhibited abnormal distribution or if variances were not homogeneous, they were log10 or square-root transformed before analysis to ensure homogeneity of variance (non-transformed data appear in all tables and figures).

The data were analyzed using the software R, version 3.4.2. Tukey’s HSD test was performed for multiple comparisons to test for significant (p < 0.05) differences between individual treatments.




Results


Seed morphology and mass


Seed dimensions

Seed position significantly affected length of lemmas (p < 0.001), length of paleae (p < 0.001), width of lemmas (p < 0.001), width of paleae (p < 0.001), length of awns (p < 0.001), length of seeds (p < 0.001), width of seeds (p < 0.001) and thickness of seeds (p = 0.001), while spikelet type (p = 0.908, p = 0.912, p = 0.101, p = 0.878, p = 0.939, p = 0.971, p = 0.402, p = 0.338), and the interaction between spikelet type and seed position [p = 0.976, p = 0.460, p = 0.217, p = 0.936, p = 0.220, p = 0.499, p = 0.338, except width of lemmas (p = 0.029)] did not affect these indices significantly.

For both spikelet types, length of awns and lemmas was significantly the highest in group 3 and significantly the lowest in group 1. However, width of paleae and seeds without lemmas and paleae was significantly the highest in group 1 and significantly the lowest in group 3. Length of paleae was significantly higher in group 2, while width of lemmas and length of seeds without lemmas and paleae was significantly lower in group 3 and group 1, respectively. However, in spikelet type L thickness of seeds without associated structures was significantly lower in group 2, while it was not significantly different among the three groups in spikelet type R (Figure 2). Length (mm) (type L: 10.174 ± 0.177, type R: 9.999 ± 0.212; p = 0.267) and diameter (mm) (type L: 3.017 ± 0.052, type R: 3.156 ± 0.067; p = 0.118) of axes were not significantly different between the two spikelet types (these data are not shown in Figure 2). Spikelet type did not significantly affect the length (p = 0.842, p = 0.647) or width (p = 0.389, p = 0.106) of the lower or upper glumes, but the length (mm) (type L: 7.22 ± 0.058, type R: 7.314 ± 0.108) and width (mm) (type L: 3.239 ± 0.045, type R: 3.354 ± 0.057) of the upper glumes were significantly (except for length of glumes in type R) larger than those of the lower glumes (the lengths of lower glumes were 6.959 ± 0.048 and 7.112 ± 0.116 in type L and type R, respectively, the widths of lower glumes were 3.108 ± 0.041and 3.062 ± 0.045 in type L and type R, respectively; these data are not shown in Figure 2).
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FIGURE 2
 Dimensions (mm, mean ± standard deviation) of seeds and associated structures in the spikelet type L (A) and R (B) of Aegilops tauschii (n = 50). L, spikelet type Left; R, spikelet type Right; numbers 1, 2, and 3 following abbreviations indicate different seed groups. Different letters between seed groups for each dimension and each type of spikelet indicate significant differences (Tukey’s HSD, p = 0.05).




Seed mass

Seed position significantly affected mass of lemmas (p < 0.001), paleae (p < 0.001), seeds without lemmas and paleae (p < 0.001), and seeds with lemmas and paleae (p < 0.001), while spikelet type did not (p = 0.968, p = 0.111, p = 0.612, p = 0.749). The interaction between seed position and spikelet type only significantly affected mass of lemmas (p = 0.002).

For mass of lemmas, group 2 was significantly > group 3 significantly > group 1, and for mass of paleae, group 1 > group 2 significantly (except for type R) > group 3 (Figure 3). For mass of seeds with and without lemmas and paleae, group 2 was significantly > group 1 significantly > group 3 (Figure 3). For both types of spikelets, mass of the upper glumes was significantly greater than that of the lower glumes, but mass (g) of axes (type L: 1.1636 ± 0.0422, type R: 1.1563 ± 0.0421; p = 0.998), lower glumes (type L: 0.9368 ± 0.0251, type R: 0.9083 ± 0.0154; p = 0.539), or upper glumes (type L: 0.9496 ± 0.0181, type R: 0.9211 ± 0.0193; p = 0.387) were not significantly different between the two spikelet types (these data are not shown in Figure 3).
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FIGURE 3
 Mass per 100 seeds and associated structures in the spikelet type L (A) and R (B) of Aegilops tauschii. L, spikelet type Left; R, spikelet type Right; Seed, seed without lemma and Palea; Seed+, seed with lemma and palea; numbers 1, 2 and 3 following abbreviations indicate different seed groups. Different lowercase letters between seed groups for each dimension and each type of spikelet indicate significant differences (Tukey’s HSD, p = 0.05).





Water absorption

Seed position (p < 0.001) and treatment (seeds with or without lemmas and paleae; p < 0.001) significantly affected final percentage of increase in mass, while spikelet type (p = 0.782), the interaction between treatment and spikelet type (p = 0.862), the interaction between spikelet type and seed position (p = 0.918), the interaction between treatment and seed position (p = 0.314) and the interaction between treatment, spikelet type and seed position (p = 0.817) did not.

The axes (p = 0.422), lower glumes (p = 0.902), and upper glumes (p = 0.988) did not differ significantly in final percentage of increase in mass between the two spikelet types. Axes, lower glumes and upper glumes all stopped absorbing water within 4 h, while seeds with and without lemmas and paleae were fully imbibed after 6–12 h, depending on seed group (Figure 4). Three groups of seeds with lemmas and paleae had a high capacity for water uptake, and mass increased 54.5%–89.8% within 8–12 h, which differed significantly from that of seeds without lemmas and paleae. Moreover, the percentage increase in mass of water imbibed by seeds with and without lemmas and paleae differed significantly among seed groups, group 2 was the highest, while group 1 was significantly the lowest.
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FIGURE 4
 Cumulative percent increase in mass via imbibition of water by three associated structures (A, B), seeds with (C, D) and without (E, F) lemmas and paleae of Left (A, C, E) and Right (B, D, F) spikelet types in Aegilops tauschii. Numbers 1, 2 and 3 following abbreviations indicate different seed groups.




Germination of fresh seeds

Temperature (p < 0.001), seed position in spikelets (p < 0.001) and treatment (seeds separated or in the intact spikelet; p < 0.001) significantly affected germination percentages of seeds, while spikelet type (p = 0.964) and light (p = 0.267) did not (Figures 5A–J). Temperature (p < 0.001) and seed position in spikelet (p < 0.001) had significant effects on the germination index, while spikelet type (p = 0.977) did not (Figures 5A–J). The interactions between temperature and seed position (p < 0.001), temperature and treatment (p < 0.001), temperature and light (p = 0.020), seed position and treatment (p < 0.001), treatment and light (p < 0.001), and temperature, seed position, and treatment (p < 0.001) significantly affected germination percentages of fresh seeds. The interactions between temperature and position (p < 0.001) significantly affected the germination index of fresh seeds.
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FIGURE 5
 Germination percentages and germination index of fresh (o months storage; A–J), and of 12 months dry—stored (K–T) seeds of the three seed groups. LS, seeds in spikelet type Left; RS, seeds in spikelet type Right; numbers 1, 2 and 3 following abbreviations indicate different seed groups; seed groups within a temperature of a storage category with different letters are significantly different (Tukey’s HSD, p = 0.05).


All three groups of seeds from both types of spikelets germinated best at 22/12°C and worst at 32/24°C. Group 2 seed germination percentages were higher at 15/6°C than at other temperatures, while germination percentages and germination index were similar at 15/6°C and 28/18°C for groups 1 and 3 seeds (Figures 5A–J). Compared to seeds separated, germination percentages of fresh groups 1 and 3 seeds not separated from spikelets decreased sharply at all temperatures, while those of group 2 decreased gently (Figures 5C–J). Overall, germination percentages and germination index of group 2 seeds were significantly the highest, and those of group 1 seeds were significantly the lowest (Figures 5A–J). That is, group 2 had the highest proportion of nondormant seeds and group 1 the highest proportion of dormant seeds.



Effect of afterripening on dormancy-break/germination

Germination percentages (p < 0.001) and germination index (p < 0.001) of seeds dry stored for 12 months increased significantly compared to fresh seeds (Figure 5). Temperature (p < 0.001) and seed position in spikelets (p < 0.001) significantly affected germination percentages, while spikelet type (p = 0.903), treatment (seeds separated or in the intact spikelet; p = 0.146) and light (p = 0.245) did not (Figures 5K–T). Temperature (p < 0.001) and seed position in spikelet (p < 0.001) had significant effects on the germination index, but spikelet type (p = 0.852) did not (Figures 5K–T). The only interaction that significantly affected germination percentages (p < 0.001) and germination index (p < 0.001) was between temperature and seed position.

Germination percentages of groups 2 and 3 seeds were significantly higher than that of group 1 for separated seeds at 15/6°C (Figures 5M–P) and for seeds in intact spikelets at 15/6°C and 22/12°C (Figures 5Q–T). The germination index was significantly the highest for group 2 and significantly the lowest for group 1 seeds (Figures 5K,L). Group 1 seeds had the lowest and highest germination index at 15/2°C and 28/18°C, respectively, while germination percentages were similar at the four temperature regimes (Figures 5K–T). The germination index increased as temperature increased for groups 2 and 3 seeds (Figures 5K,L). Compared to seeds separated (Figures 5M–P), germination percentage of 12-month dry-stored groups 1, 2, and 3 seeds not separated from the spikelets did not change significantly (Figures 5Q–T).



Seedling emergence and survival, plant size and seed production


Seedling emergence and survival

In the four soil conditions, seeds of each group germinated in autumn and in spring, with most seeds germinating in autumn and only a few in spring (Figure 6). The peak period of autumn and spring seedling emergence was in October (week 2 after sowing) and mid-to-late February (weeks 19–20 after sowing), respectively.
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FIGURE 6
 Seedling emergence from seeds separated from Left (A, C, E, G) and Right (B, D, F, H) spikelet types of Aegilops tauschii sown in field plots on October 18, 2020. (A, B) seedling emergence under added fertilizer and watered regularly condition; (C, D) seedling emergence under added fertilizer and natural moisture condition; (E, F) seedling emergence under no fertilizer and watered regularly condition; (G, H) seedling emergence under no fertilizer and natural moisture conditions; LS, seedlings derived from seeds in spikelet type Left; RS, seedlings derived from seeds in spikelet type Right. Numbers 1, 2 or 3 following LS and RS indicate different seed groups.


Soil condition (p = 0.007, p < 0.001), seedling emergence season (autumn and spring; p < 0.001, p < 0.001) and seed position in spikelet (p < 0.001, p < 0.001) significantly affected percentages of seedling emergence and survival, but there was no significant difference between the two spikelet types (p = 0.767, p = 0.957). Interactions that significantly affected seedling emergence percentages were between season and soil condition (p < 0.001), season and seed position (p < 0.001), soil condition and seed position (p < 0.001) and season, soil condition and seed position (p < 0.001). The interactions between season and seed position (p < 0.001) and between soil condition and seed position (p = 0.004) significantly affected seedling survival percentages.

For each seed group, percentages of seedling emergence (p < 0.001) and survival (p < 0.001) were significantly higher for autumn germination than for spring germination. Seedling emergence percentages were significantly the highest for group 2 seeds and significantly the lowest for group 1 seeds (Figures 7A–D), while seedling survival percentages were significantly the highest for group 1 (except for a few cases) and significantly the lowest for group 3 seeds (Figures 7E–H). For each spikelet type and each season, seedling emergence percentages for each seed group were H-H > L-H > H-L > L-L (Figures 7A–D) and for seedling survival percentages for each seed group were H-H > H-L > L-H > L-L (Figures 7E–H).
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FIGURE 7
 Seedling emergence percentages (from seeds separated from spikelets) and survival percentages of Aegilops tauschii in field plots. H-H, added fertilizer, watered regularly; H-L, added fertilizer, natural moisture; L-H, no fertilizer, watered regularly; L-L, no fertilizer, natural moisture; LS, spikelet type Left; RS, spikelet type Right. Numbers 1, 2 or 3 following LS and RS indicate different seed groups. Seed groups within a soil condition for L and R with different letters are significantly different (Tukey’s HSD, p = 0.05).




Plant size and seed production

Season (p < 0.001, p < 0.001, p < 0.001, p < 0.001), seed position in spikelet (p < 0.001, p < 0.001, p < 0.001, p < 0.001), and soil condition (p < 0.001, p < 0.001, p < 0.001, p < 0.001) had significant effects on height of plants, number of tillers per plant, number of spikelets per tiller and number of seeds per spikelet, respectively. However, spikelet type did not significantly affect plant height (p = 0.980), number of tillers per plant (p = 0.900), number of spikelets per tiller (p = 0.841) or number of seeds per spikelet (p = 0.777). Among all interactions, only the one between season and soil condition (p = 0.001) significantly affected plant height. The interactions between season and soil condition (p < 0.001) and between soil condition and seed position (p < 0.001) significantly affected the number of tillers per plant, and the interaction between season and seed position (p < 0.001) significantly affected the number of seeds per spikelet.

In both spikelet types and under the four soil conditions, all growth indices were significantly (p < 0.001) higher for plants derived from seedlings emerging in autumn than in spring. In both spikelet types and for plants from seedlings emerging in both seasons, all growth indices were H-H > H-L > L-H > L-L. In all treatments, height of plants and number of spikelets per tiller were significantly the highest for group 2 and significantly the lowest for group 1 seeds. The number of tillers per plant and number of seeds per spikelet were significantly the highest in group 1 (except in a few cases) and the lowest in group 3 seeds (Tables 1 and 2). The surviving plants from group 1 seeds produced more seeds per plant than those from either group 2 or group 3 seeds. However, seedling emergence percentages and total number of surviving plants from group 2 seeds were higher than those from either group 1 or 3, and all surviving plants from groups 1 and 3 seeds produced fewer seeds than surviving plants from group 2 seeds (Tables 1 and 2).



TABLE 1 Plant size and seed production of Aegilops tauschii from autumn germinating seeds.
[image: Table1]



TABLE 2 Plant size and seed production of Aegilops tauschii from spring germinating seeds.
[image: Table2]





Discussion

We found that seeds in the same position in Left and Right spikelets of A. tauschii had the same characteristics, thus they performed as mirror images between the two spikelet types. On the other hand, seed position in a spikelet had a significant effect on seed size, mass and germination; seedling emergence and survival; and plant size and seed production. These results support our first hypothesis that there is morphological and physiological variation between seeds in different positions in a spikelet. Since the natural germination unit is seeds that are inside the spikelet, we will first evaluate the effects of position of seeds while inside the spikelet on dormancy and germination. Then, we will consider the effects of seed position on seedling survival, plant size and seed production for seeds separated from the spikelets and sown in different environmental conditions. Finally, we will consider what the variation in seed characteristics may mean with regard to invasiveness of A. tauschii.


Seed size and mass

Seed position in the spikelet of A. tauschii significantly affected seed size and mass. Among the three seeds in a spikelet, middle seeds (group 2) were significantly the longest and had maximum mass, while basal seeds (group 1) were significantly the shortest and had medium mass. In a spikelet, the basal and distal (group 3) seeds are on one side, and the middle seed is on the opposite side (Figure 1). Since the ovules above the middle seed usually do not develop into a seed, there is more space in the spikelet for growth/expansion of the middle than of the basal and distal seeds. The basal and distal seeds may have received fewer metabolites and/or growth regulators than the middle seeds due to competition between seeds for these resources, for example seeds of A. kotschyi (Wurzburger et al., 1976). Further, variation in seed size and mass related to seed position may be a function of variation in the timing and duration of reproductive development (Cheplick and Clay, 1989).



Dormancy and germination

It is well known that seed size and mass can have effects on degree of dormancy, germination percentage and speed and growth of seedlings (see Baskin and Baskin, 2014). Thus, since seeds of A. tauschii vary in size, depending on position in the spikelet, we expected some differences in dormancy and germination. In the Poaceae, seeds differing in their position within a dispersal unit often vary in size and dormancy (Gosling et al., 1981; Dyer, 2004; Volis, 2016). In several Poaceae genera with a dispersal unit containing more than one seed, the first formed and therefore the better-developed (also larger) seed has lower dormancy than the later-developed seeds (Datta et al., 1970; Marañon, 1989; Dyer, 2004; Volis, 2016).

Some fresh seeds of A. tauschii enclosed by the spikelet germinated at each of the four temperature regimes in light and in dark, and the middle seeds germinated to the highest percentage in all conditions (Figures 5G–J). Regardless of test conditions, only a few or no basal seeds germinated, and the distal seeds only germinated to approximately ≤25% at 22/12°C in both light and dark. The ecological significance of these results is that when seeds mature in the field in early summer (June), temperatures in the habitat are above those required for germination, which would prevent even the middle seeds from germinating. During summer, however, seeds in the spikelets in the field afterripen, and by autumn the basal, middle and distal seeds enclosed by the spikelet can germinate over a range of temperatures in light and dark. Based on data for germination speed (index) of seeds removed from the spikelet after 12 months of storage, during which seeds afterripened, and incubated at the four temperature regimes (Figures 5K,L), we hypothesize that the order of seed germination speed in autumn is middle > distal > basal.

The hypothesized order of germination speed in autumn agrees with the amount of imbibition (i.e., increase in mass) and speed of imbibition of seeds: middle > distal > basal. Thus, middle seeds take up more water (and faster) and germinate faster than the basal and distal seeds, suggesting that they could germinate in early autumn in response to a precipitation event. Germination in early autumn could be followed by a rainless period, leading to death of the seedlings. If the seedlings for the middle seeds died, then with additional rains in autumn, it seems likely that the basal and distal seeds would germinate. Thus, differences in the basal, middle and distal seeds with regard to imbibition of water and germination speed after dormancy is broken potentially provide more than one opportunity for germination and seedling establishment in autumn.

From a broad perspective, the only kind of dormancy known to occur in the Poaceae is non-deep physiological dormancy (PD; Baskin and Baskin, 1998, 2001). In the present study, evidence for non-deep PD of seeds in the three positions of both spikelet types is 3-fold. (1) Most seeds in each position afterripened during dry storage under room conditions, resulting in high germination percentages over the range of temperatures in light and dark of seeds enclosed by the spikelets. (2) Seeds are water permeable. (3) Seeds of Poaceae have a fully developed embryo (Baskin and Baskin, 2021). Dormancy break of A. tauschii seeds via afterripening in dry storage during summer means seeds are capable of germinating in autumn if soil moisture and light/dark conditions are favorable, thus explaining the peak of germination in the field plots in autumn. Of course, autumn germination means that young plants of A. tauschii would be competing with those of wheat that also germinate in autumn. However, delaying germination until spring would result in young plants of A. tauschii competing with larger plants of wheat.

Dormancy break in summer and germination in autumn is a characteristic of seeds of winter annuals (Baskin and Baskin, 2001). During the afterripening period, germination percentages increased at all four temperature regimes tested, but temperature range for germination did not change. Thus, seeds have Type 6 of nondeep physiological dormancy (Nur et al., 2014; Soltani et al., 2017). If nondormant (afterripened) seeds of some winter annuals fail to germinate in autumn, they are induced into secondary dormancy by low temperatures during winter (Baskin and Baskin, 2014). It seems that at least some seeds of A. tauschii that fail to germinate in autumn are not induced into secondary dormancy because they germinated in spring. However, more research is needed to determine how many (and which) seeds within spikelets delay germination until spring.



Seedling emergence and survival

Although seeds of A. tauschii can germinate in both autumn and spring, the peak of germination in our study was in autumn. By autumn, the temperatures in the habitat and those required for germination overlapped, and precipitation in autumn was more than 60 mm (Figure 8). Thus, seeds germinated in both the regularly watered and natural soil moisture conditions in our field experiment. However, water was more important than nutrients for seedling emergence, while nutrients were more important than water for seedling survival. The additional nutrients had a positive effect on seedling growth, resulting in high seedling survival of A. tauschii. Both seedling emergence percentages and seedling survival percentages of A. tauschii were the highest with both watering and fertilization; these conditions also had a highly synergistic effect on establishment of the invasive species Centaurea solstitialis and A. triuncialis (Eskelinen and Harrison, 2014). Thus, not surprisingly A. tauschii is a successful invasive species in wheat cropland in China under high moisture and nutrient-rich conditions.

[image: Figure 8]

FIGURE 8
 Weekly precipitation (rain and snow), evaporation and mean daily minimum and maximum temperatures during the study period.


Although, seedling emergence percentages in spring were significantly lower than those in autumn, seedling emergence percentages in both autumn and spring were best for the middle seeds and worst for the basal seeds. However, survival percentages for both autumn-and spring-emerging seedlings was best for the basal seeds and worst for the distal seeds. Some seeds in each position were capable of germinating in autumn, and plants survived until they matured, resulting in plants behaving as winter annuals. However, the delay of germination of some seeds of each of the three seed positions until spring indicates that the species can behave as a facultative winter annual (Baskin and Baskin, 1981, 2014).



Plant size and seed production

For seeds from both spikelet types under the four experimental soil conditions, all growth indices were significantly higher for plants from seedlings emerging in autumn than for those emerging in spring. These differences may be the result of plants from autumn seedlings having a longer growth period than those from spring-germinated seedlings. For plants from autumn and spring seedlings from seeds of both spikelet types, all growth indices were significantly the highest under added fertilizer combined with regular watering (H-H) but lowest under no fertilizer combined with natural moisture condition (L-L), indicating that high levels of nutrients and water were very important for growth of A. tauschii, which is similar to the responses of the invasive species A. triuncialis (Eskelinen and Harrison, 2014). Although height of plants and number of spikelets per tiller of A. tauschii in all soil treatments were the highest for the middle seeds and the lowest for the basal seeds, number of tillers per plant and number of seeds per spikelet were the highest for the basal seeds and (except for a few cases) the lowest for the distal seeds. Thus, the surviving plants from the basal seeds produce a larger number of seeds per plant than those from either the middle or the distal seeds. However, seedling emergence percentages and total number of surviving plants from the middle seeds were higher than those from either basal or distal seeds, and all surviving plants from the basal and the distal seeds produced a lower total number of seeds than surviving plants from the middle seeds. Regardless of seed origin, timing of germination and soil conditions, each plant produced basal, middle and distal seeds, ensuring that there will be diversity in germination responses and in survival and reproductive strategies of offspring in the next generation.

In summary, there are considerable morphological and physiological differences between basal, middle and distal seeds in a spikelet of A. tauschii. These differences have the potential to spread germination over a period of time in autumn, depending on variation in soil moisture. Plants resulting from seeds in different positions in the spikelet vary with regard to survival, growth and seed production, and plants from seeds in different positions differ in their responses to soil fertility and moisture. We conclude that seed position in the spikelet likely makes a contribution to the invasiveness of A. tauschii because the variation between seeds in the different positions adds up to much flexibility in all stages of the life cycle—seed, seedling and growth/reproductive.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

AW and JD designed the experiments. AW performed the experiments and analyzed the data. AW, CB, JB, and JD wrote the manuscript. All authors reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Major Public Welfare Projects in Henan Province (201300311300).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1http://www.cma.gov.cn (Accessed July 15, 2022).



References

 Annamária, F., Dorottya, S., Petr, P., Wayne, D., Eszter, R., Franz, E., et al. (2019). The role of fruit heteromorphism in the naturalization of Asteraceae. Ann. Bot. 123, 1043–1052. doi: 10.1093/aob/mcz012 

 Ashman, T. L. (1992). Indirect costs of seed production within and between seasons in a gynodioecious species. Oecologia 92, 266–272. doi: 10.1007/bf00317374

 Baskin, J. M., and Baskin, C. C. (1981). Seasonal changes in the germination responses of buried Lamium amplexicaule seeds. Weed Res. 21, 299–306. doi: 10.1111/j.1365-3180.1981.tb00131.x

 Baskin, C. C., and Baskin, J. M. (1998). “Ecology of seed dormancy and germination in grasses” in Population Biology of Grasses. ed. G. P. Cheplick (Cambridge: Cambridge University Press), 30–83. doi: 10.1017/CBO9780511525445.004

 Baskin, C. C., and Baskin, J. M. (2001). Seeds: ecology, biogeography, and evolution of dormancy and germination. San Diego, CA: Academic Press.

 Baskin, C. C., and Baskin, J. M. (2014). Seeds: Ecology, Biogeography, and Evolution of Dormancy and Germination (2nd Edn.), San Diego, CA: Academic Press/Elsevier.

 Baskin, C. C., and Baskin, J. M. (2021). Relationship of the lateral embryo (in grasses) to other monocot embryos: a status upgrade. Seed Sci. Res. 31, 199–210. doi: 10.1017/S0960258521000209

 Cheplick, G. P., and Clay, K. (1989). Convergent evolution of cleistogamy and seed heteromorphism in two perennial grasses. Evol. Trends Plants 3, 127–136.

 Cox, T. S., Wu, J., Wang, S., Cai, J., Zhong, Q., and Fu, B. (2017). Comparing two approaches for introgression of germplasm from Aegilops tauschii into common wheat. Crop J. 5, 355–362. doi: 10.1016/j.cj.2017.05.006

 Datta, S. C., Evenari, M., and Gutterman, Y. (1970). The heteroblasty of Aegilops ovata L. Israel J. Bot. 19, 463–483.

 Dyer, A. R. (2004). Maternal and sibling factors induce dormancy in dimorphic seed pairs of Aegilops triuncialis. Plant Ecol. 172, 211–218. doi: 10.1023/B:EGE.0000026339.61069.33

 Eskelinen, A., and Harrison, S. (2014). Exotic plant invasions under enhanced rainfall are constrained by soil nutrients and competition. Ecology 95, 682–692. doi: 10.1890/13-0288.1 

 Gao, X. X., Li, S. Y., Li, M., Li, E. F., Li, J., and Fang, F. (2019). Effects of soil depths on seedling emergence and growth of three gramineous weeds in wheat fields. J. Plant Prot. 46, 1132–1137. doi: 10.13802/j.cnki.zwbhxb.2019.2018086

 Going, B. M., Hillerislambers, J., and Levine, J. M. (2009). Abiotic and biotic resistance to grass invasion in serpentine annual plant communities. Oecologia 159, 839–847. doi: 10.1007/s00442-008-1264-y 

 Gosling, P. G., Butler, R. A., Black, M., and Chapman, J. M. (1981). The onset of germination ability in developing wheat. J. Exp. Bot. 32, 621–627. doi: 10.1093/jxb/32.3.621

 Huang, S. X., Sirikhachornkit, A., Su, X. J., Faris, J., Gill, B., Haselkorn, R., et al. (2002). Genes encoding plastid acetyl-CoA carboxylase and 3-phosphoglycerate kinase of the Triticum/Aegilops complex and the evolutionary history of polyploid wheat. Proc. Natl. Acad. Sci. U. S. A. 99, 8133–8138. doi: 10.1073/pnas.072223799 

 Huenneke, L. F., Hamburg, S. P., Koide, R., Mooney, H. A., and Vitousek, P. M. (1990). Effects of soil resources on plant invasion and community structure in Californian serpentine grassland. Ecology 71, 478–491. doi: 10.2307/1940302

 Hughes, P. W., and Simons, A. M. (2014). Changing reproductive effort within a semelparous reproductive episode. Am. J. Bot. 101, 1323–1331. doi: 10.3732/ajb.1400283 

 John, M. K. (1970). Colorimetric determination of phosphorus in soil and plant materials with ascorbic acid. Soil Sci. 109, 214–220. doi: 10.1097/00010694-197004000-00002

 Kishii, M. (2019). An update of recent use of Aegilops species in wheat breeding. Front. Plant Sci. 10, 1–19. doi: 10.3389/fpls.2019.00585 

 Knudsen, D., Peterson, G. A., and Pratt, P. (1982). Lithium, Sodium and Potassium. American Society of Agronomy, Madison, WI.

 Marañon, T. (1989). Variations in seed size and germination in three Aegilops species. Seed Sci. Technol. 17, 583–588.

 Mizuno, N., Yamasaki, M., Matsuoka, Y., Kawahara, T., and Takumi, S. (2010). Population structure of wild wheat D-genome progenitor Aegilops tauschii Coss.: implications for intraspecifc lineage diversification and evolution of common wheat. Mol. Ecol. 19, 999–1013. doi: 10.1111/j.1365-294X.2010.04537.x 

 Monty, A., Maebe, L., Mahy, G., and Brown, C. S. (2016). Diaspore heteromorphism in the invasive Bromus tectorum L. (Poaceae): sterile florets increase dispersal propensity and distance. Flora 224, 7–13. doi: 10.1016/j.flora.2016.06.004

 Moravcová, L., Perglová, I., Pyšek, P., Jarošík, V., and Pergl, J. (2005). Effects of fruit position on fruit mass and seed germination in the alien species Heracleum mantegazzianum (Apiaceae) and the implications for its invasion. Acta Oecol. 28, 1–10. doi: 10.1016/j.actao.2005.01.004

 Nur, M., Baskin, C. C., Lu, J. J., Tan, D. Y., and Baskin, J. M. (2014). A new type of non-deep physiological dormancy: evidence from three annual Asteraceae species in the cold deserts of Central Asia. Seed Sci. Res. 24, 301–314. doi: 10.1017/s0960258514000300

 Obeso, J. R. (1993). Seed mass variation in the perennial herb Asphodelus albus: sources of variation and position effect. Oecologia 93, 571–575. doi: 10.1007/bf00328967 

 Qu, T., Tian, X., and Zhou, L. Y. (2020). Seed heteromorphism and population maintenance strategy of invasive plant Cenchrus paucifloru. Chinese J. Ecol. 39, 2622–2628. doi: 10.13292/j.1000-4890.202008.020

 Soltani, E., Baskin, C. C., and Baskin, J. M. (2017). A graphical method for identifying the six types of nondeep physiological dormancy in seeds. Plant Biol. 19, 673–682. doi: 10.1111/plb.12590 

 Suding, K. N., LeJeune, K. D., and Seastedt, T. R. (2004). Competitive impacts and responses of an invasive weed: dependencies on nitrogen and phosphorus availability. Oecologia 141, 526–535. doi: 10.1007/s00442-004-1678-0 

 Thomson, M. A., D’Antonio, C. M., Suttle, K. B., and Sousa, W. P. (2006). Ecological resistance, seed density and their interactions determine patterns of invasion in a Californian coastal grassland. Ecol. Lett. 9, 160–170. doi: 10.1111/j.1461-0248.2005.00857.x 

 Tillich, H. J. (2007). Seedling diversity and the homologies of seedling organs in the order Poales (monocotyledons). Ann. Bot. 100, 1413–1429. doi: 10.1093/aob/mcm238 

 Timson, J. (1965). New method of recording germination data. Nature 207, 216–217. doi: 10.1038/207216a0

 Vallano, D. M., Selmants, P. C., and Zavaleta, E. S. (2012). Simulated nitrogen deposition enhances the performance of an exotic grass relative to native serpentine grassland competitors. Plant Ecol. 213, 1015–1026. doi: 10.1007/s11258-012-0061-1

 Volis, S. (2014). Dormancy-related seed positional effect in two populations of an annual grass from locations of contrasting aridity. PLoS One 9:e93061. doi: 10.1371/journal.pone.0093061 

 Volis, S. (2016). Seed heteromorphism in Triticum dicoccoides: association between seed positions within a dispersal unit and dormancy. Oecologia 181, 401–412. doi: 10.1007/s00442-016-3576-7 

 Wang, J., Luo, M. C., Chen, Z., You, F. M., Wei, Y., Zheng, Y., et al. (2013). Aegilops tauschii single nucleotide polymorphisms shed light on the origins of wheat D-genome genetic diversity and pinpoint the geographic origin of hexaploid wheat. New Phytol. 198, 925–937. doi: 10.1111/nph.12164 

 Wang, A. B., Tan, D. Y., Baskin, C. C., and Baskin, J. M. (2010). Effect of seed position in spikelet on life history of Eremopyrum distans (Poaceae) from the cold desert of north-west China. Ann. Bot. 106, 95–105. doi: 10.1093/aob/mcq089 

 Wang, N., Tian, Y. W., and Chen, H. (2021). Effects of mesosulfuron-methyl on growth and competitiveness of Aegilops tauschii and Triticum aestivum. Acta Physiol. Plant. 43:39. doi: 10.1007/s11738-021-03206-4

 Wang, N., Yuan, M. L., and Chen, H. (2018). Effects of increased nitrogen application on the competitive performance of Aegilops tauschii and wheat at seedling stage. Soil Fert. Sci. China 277, 60–66. doi: 10.1007/s11738-019-2968-9

 Wang, N., Yuan, M. L., Chen, H., Li, Z. Z., and Zhang, M. X. (2019). Effect of drought stress and rewatering on growth and physiological characteristics of invasive Aegilops tauschii seedlings. Acta Pratacul. Sin. 28, 70–78. doi: 10.11686/cyxb2018485

 Wang, H., Zhao, K., Li, X., Chen, X., and Wang, J. (2020). Factors affecting seed germination and emergence of Aegilops tauschii. Weed Res. 60, 171–181. doi: 10.1111/wre.12410

 Winn, A. A. (1991). Proximate and ultimate sources of within-individual variation in seed mass in Prunella vulgaris (Lamiaceae). Am. J. Bot. 78, 838–844. doi: 10.1002/j.1537-2197.1991.tb14486.x

 Wolfe, L. M. (1992). Why does the size of reproductive structures decline through time in Hydrophyllum appendiculatum (Hydrophyllaceae)?: developmental constraints vs. resource limitation. Am. J. Bot. 79, 1286–1290. doi: 10.2307/2445057

 Wurzburger, J., Leshem, Y., and Koller, D. (1976). Correlative aspects of imposition of dormancy in caryopses of Aegilops kotschyi. Plant Physiol. 57, 670–671. doi: 10.1104/pp.57.4.670 

 Yu, H. Y., and Li, X. J. (2018). Distribution of Aegilops tauschii Coss. in China and its research progress. J. Weed Sci. 36, 1–7. doi: 10.19588/j.issn.1003–935X.2018.01.001

 Zhao, G., Zhou, C., Li, K., Wang, K., Li, T., Gao, L., et al. (2017). The Aegilops tauschii genome reveals multiple impacts of transposons. Nat. Plants 3, 946–955. doi: 10.1038/s41477-017-0067-8 

 Zhou, Y., Bai, S. L., Li, H., Sun, G. L., Zhang, D., Ma, F. F., et al. (2021). Introgressing the Aegilops tauschii genome into wheat as a basis for cereal improvement. Nat. Plants 7, 774–786. doi: 10.1038/s41477-021-00934-w 



OPS/images/fpls-13-916451-g005.jpg
Germination index of fresh seeds
separated from spikelets incubated in light

Germination index of 12 months dry stored

 Seeds separated from spikelets incubated in light

120 PR
L1400 A =1s1/B == Rs1| § 100 K a  a, B A e
P — Ls2| cmRs2 | £ g [l E
H —] = Rs3 < <
$ e L g0 a . a ) ils
5w fw foc %] |
E 2 ET a3 £ 2 [ ﬁ;[ﬂ 7
b cal b P cap H |
& o Sncdbedb | cibeifclbpaa | & 7 1 AL /
Germination percentage of fresh seeds Germination percentage of 12 months dry stored
120 Separated from spikelets incubated in light 120 Seeds separated from spikelets incubated
F10|C £ 100 |My22 222 aza2aa [N 22 a2a aaa a
g a < ol
5 80 5 80 A7
2 b H
g b 2 2 % 1|7
£ 40 < c\'I 2a E 40 7
E o | 5 7
g 20 H #T g 20
8 8
0 i [}
Germination percentage of fresh seeds Germination percentage of 12 months dry stored
420, Separated from spikelets incubated in dark 120 Seeds separated from spikelets incubated in dark
o0 O 22208 as2 a0n [P 22 a2a azs aea
§ 8 =
i ’
£ 40
&
Germination percentage of 12 months dry stored
420 . Seeds within intact spikelsts incubated in light
= E10p |Q 22 bsa 22z aaa [R 2 paz aza sa
&, £ baz 22 wop BAE 337 22
§ § 80 M y
g
£ E 40
£ g 20 i 7
o o H %
tion percentage of resh seeds Germinati
@ within mmc!splkele's"mcubaudmdalk . ;eed:w
£ 100 E1o0 (5,22 W38 B2
£ 80 - N & w0 AN
R T 60 g
] a a £
= 40 b a & b a EWN
£ 20 a 7 % 2 g 20 %
8% :|B° wbele | w28 kol | O o
OO O L © O O O < © O GO & O
& i & & @ & BRI NS
R Ay ~aa>*>~,«f” g





OPS/images/fpls-13-916451-g006.jpg
—e— RS1
—e— RS2
—— RS3

g emergence

percentages (%)

See

percentages (%)

Seedling emergence
percentages (%)

Seedling emergence
percentages (%)

o

T T '

1w 3w 5w Tw 9w 11w 13w 15w 17w 19w 21w 23w 1w 3w 5w 7w 9w 11w 13w 15w 17w 19w 21w 23w
Oct Nov Nov Dec Dec Jan Jan Jan Feb Feb Mar Mar Oct Nov Nov Dec Dec Jan Jan Jan Feb Feb Mar Mar
2020 2021 2020 2021





OPS/images/fpls-13-916451-g003.jpg
o O —
& o S H
E af 10

Ol —

8 @SS SRSISNSNNNY

= a1

N\ =

SN

& I —
: ba”

N eeeeen]

= o |

¥ = 0w N an ]

N Noe e« 33 s

(6) ¥ 2dA) 19p)Ids Ul SaINJoNLs pajerdosse
pue spaas o} Jad ssep

(] ——— gy
T il
E 3]
Ol —
| L] —
] —
[ 21
[ —
pri LT
: PYe—
L |
[ —
T - RN a0 2
N noC < < S8 =
(6) 71 2dA} 13j9¥1ds Ul S21N)oNNS pajeldosse

pue spaas gg| Jad ssely

Seed Seed+

Lemma Palea

Seed Seed+

Lemma Palea





OPS/images/fpls-13-916451-g004.jpg
5h  6h 7h

—e— Upper glume
4

—e— Axis
—— Lower glume
2h 3n

1h

Oh

" url ' ? url
Fugl Tl uel

Fuzk + + * uzk

uiL ui

r 4oL ot

rue us

ug us

ruL uz

49 us

us us

ruy uv

Lye ue

Lyz uw

LUk uk

uo e

8888 °

2 22 9 ©

140
120
100

(%) ssew uj aseaiouy Jusdiad ew uy (o) ssew us aseaoul Jusdlad
[=] w

= I ure t—r upl

@ m ol ugl oo ygl

ES s * * _ uzk uzL

) uik uik

wdg s M ok

<55 = ue us

5 ug ug

b : ;

s u9 ug

us us

& uy up

ue ue

& uz uz

u ur

5 uo uo
2R8888%Kk° ggge8888R" $g88888¢R°
(%) Ssew uj aseaiouljuasad (%) SSEW uj 3SEBIOUI JUBIIDG (%) ssew uj aseaiou| Jusosad





OPS/images/fpls-13-916451-t001.jpg
Autumn
emergence

Height

No. of tillers per

plant

No. of spikelets

per tiller

No. of seeds per

spikelet

No. of sceds per
plant

Total no. of seeds

from all plants

H-H, added fertilizer, watered regularly; H-L, added fertilizer, natural moisture; L-H, no fer
Left; RS, spikelet type Right; numbers 1, 2 or 3 following LS and RS indicate different seed groups. p-values in bold mean differences were not significant.

Soil
condition
H-H

H-L

L-H

LL

prvalue

H-H

H-L

L-H

L-L

prvalue
H-H
H-L
L-H
L-L
prvalue
H-H
H-L
L-H
LL
prvalue
H-H
H-L
L-H
LL
H-H
H-L
L-H
LL

LS1

51534229
48384136
40784135
3534156
0.009
53754253
43754201
3475156
3075+ 119
0.005
10.73£0.15
1039£0.16
1006 £0.16
1003 £0.18
0.003
74008

6201
347011
332401
0.016
2133.929
1645516
1213.06
1023.963
50147.33
255055
20622.02
10495.62

Ls2

66134175
57.9+1.08

5014192
442107
0.004
525+ 148
40224
3075+ 1.63
254127
0.004
1169 £0.14
11224014
108£0.14
1042:£0.14
0.000
324006
302006
298004
269006
0.000
196392
1355376
989.658
700745
82484.64
39983.59
29937.15
10861.55

LS3

6294221
54751
44632152
39554133
0.004
40154
33154
244079
21755074
0.005
1091£0.14
10.66+0.15
1028+0.18
1023£0.18
0013

81005
259+0.06
254006
246+ 0.08

0.003

122192

9111102
626.6688
547.3562
44600.08
22549.98
1363005
5747.24

p-value

0021
0018
0.030
0017

0.024
0033
0020
0019

0.000
0.000
0.002
0.228

0.000
0.000
0.000
0.000

izer added, watered regularly;

RS1

5438123
47532036
4414087
33432252
0.003
5454236
4625321
36254147
30509
0.005
1072£0.15
1042£0.17
10.19£0.17
1008 £0.16
0033
369+0.1
357011
355011
338401
0223
2155.846
1720472
1292.856
1039.147
56051.99
26667.32
2036249
10131.69

RS2

67.25+ 185
5984235
148.03£2.26
4361
0.007
51254129
4325256
304146
245112
0.004
1159 £0.12
1114£0.1
1044£0.15
1034014
0.000
3244004
3.06+0.06
3004
2714007
0.000
192452
1474323
9396
669912
789053
43123.96
260739
10886.07

RS3

639443
55,68+ 0.54
4414136
3978079
0.006
3854251
3325114
2475£074
22079
0.005
1092£0.13
1064 £0.15
1033£0.15
10.19:£0.14
0.000
278+0.05
265+0.06
253 0.

7
2.5840.06
0.011

1168.768
937.517
616.8388
578.3844
4149125
2273479
14553.87
5639.248

p-value

0.077
0015
0.236
0023

0027
0031
0013
0018

0.000
0.000
0.428
0.673

0.000
0.000
0.000
0.000

. no fertilizer added, natural moisture; LS, spikelet type





OPS/images/fpls-13-916451-g007.jpg
g
)

IS
8

e
.5;«10(]
$8 80
£3 %
ES 40-
HE
2% 0

- 14
2812
5 10
32 8
5% ¢
F)
5524
5 E
&3 0
o 100
SR80
8
LD
£g
3720
i 0
- 100

;\?80

EGD

3 40

320

0

A =B
— s
— i
a; F
c D
E %22 Faa,
a,
aa e 8, .,
iz
2
£ aI a a
bllaia za
1 E 2T

H-H H-L L-H L-L

H-H H-L L-H L-L






OPS/images/fpls-13-916451-g008.jpg
25

. i N
o ° o S

Temperature (°C)

o

N
AVaN

1l

—e—Max.temperature

= Evaporation

D |

ow 2w 4w 6w 8w

2020

10w 12w 14w 16w 18w 20w 22w 24w
Oct Oct Nov Nov Dec Dec Jan Jan Feb Feb Mar

2021

Mar

Mar

50
45
40
35
30
25

tion and evaporation (mm)

o
a





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Seed position in spikelet as a contributing factor to the success of the winter annual invasive grass Aegilops tauschii



		Introduction



		Materials and methods



		Study site and seed collection



		Seed morphology and mass



		Water uptake (imbibition)



		Germination of fresh seeds



		Effect of afterripening on dormancy-break/germination



		Seedling emergence and survival, plant size and seed production



		Statistical analysis









		Results



		Seed morphology and mass



		Seed dimensions



		Seed mass









		Water absorption



		Germination of fresh seeds



		Effect of afterripening on dormancy-break/germination



		Seedling emergence and survival, plant size and seed production



		Seedling emergence and survival



		Plant size and seed production















		Discussion



		Seed size and mass



		Dormancy and germination



		Seedling emergence and survival



		Plant size and seed production









		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fpls-13-916451-g001.jpg
A
spikelet
Axis Axis
5 (em
- 5 (empty) Pp— (empty)
compound —
spike 3 2 i’
1
Lower glz'::er Lower
glume glume
L R






OPS/images/fpls-13-916451-g002.jpg
o

Rl zziR2 E=IR3
Eﬁ
2
&°
s

EeEERee——— ) %
o e o\f v&o 4

s w o w o w o
8 & ] ¢ =2 %,

(ww) y adA3 1919j1ds Ul sainjonJls pajeloosse

PUE SPaas Jo suoisuawiq
o

EL1CoL2mL3

o 0
o «

(ww) 7 adAy 13jey1ds uj sainjanuys pajeloosse
pue spees Jo suoisuswiq

<





OPS/images/fpls-13-916451-t002.jpg
Spring
emergence

Height

No. of tillers per

plant

No. of spikelets

per tiller

No. of seeds per

spikelet

No. of sceds per
plant

Total no. of seeds

from all plants

Soil
condition
H-H

H-L

L-H

LL

prvalue

H-H

H-L

L-H

L-L

prvalue
H-H
H-L
L-H
L-L
prvalue
H-H
H-L
L-H
LL
prvalue
H-H
H-L
L-H
LL
H-H
H-L
L-H
LL

LS1

4063+ 1.4
3035412
29084093
1794116
0.005
4054208
355135
3075+ 1.67
25254147
0.010
1052£0.12
1025£0.13
10£0.14
981£0.16
0.003
304006
279006
267006
264007
0.000
1298916
1015211
821025
644.0265
4221477
2538.028
2052.563
1288.053

Ls2

48234027
41584121
36434062
27354181
0.003
374154
29254143
205115
19754074
0.005
1103 £0.14
1077 £0.13
105£0.11
103£0.12
0.003
261008
2
244008

54008

2374008
0.116
1054.544
7846605
515.7062
477.4365
5799.994
3334807
1676045
1074.232

LS3

43932105
37.05+0.84
33115
2194058
0.004
2754164
2354168
1754056
1754056
0.008
107£0.11
1034£0.13
10.14£0.12
10£0.14
0.000
2574008
232008

24008
2074008
0.000
753.3955
563.7368
39039
362.25
2448.535
1268408
683.1825
36225

H-H, added fertilizer, watered regularly; H-L, added fertilizer, natural moisture; L-H, no fer
Left; RS, spikelet type Right; numbers 1, 2 or 3 following LS and RS indicate different seed groups. p-values in bold mean differences were not significant.

p-value

0015
0010
0.030
0017

0018
0015
0012
001

0044
0015
0.007
0.050

0.000
0.001
0.000
0.000

izer added, watered regularly;

RS1

3908077
20854168
2688419
1908+ 158
0.007
40254207
34£127
314154
475£152
0010
1053 £0.11
1022£0.15
1006 £0.14
9914015
0011
3.08+0.06
2774006
2714007
2634008
0.000
1305.404
962.5196
845.1406
615.0667
3916212
2165.669
1901.566
1290.133

RS2

149.95 0.86
4024182
3805+ 211
2613 114
0.005
36754222
2775119
2254109
205056
0.005
1098 +0.13
1072£0.11
1048:£0.1
1028013
0001
265+0.09
2584008
243008
2374008
0.091
1059.576
753.8954
564.7928
4941095
6092.562
3392529
1976775
1111746

RS3

13232126
3658+ 1.4
3008075
2283031
0.003
2954175
24£094
16254 1.08
1854083
0.005
107£0.12
1033£0.12
1017 £0.13
1003£0.13
0.000
2524006
2294008
2234008
21008
0.003
795438
567.7368
368.5354
389.6655
2187.455
1277.408
644.9369
487.0819

p-value

0012
0026
0050
0077

0.309
0043
0.02
0059

0.0200
0.008
0014
0.159

0.000
0.000
0.000
0.000

. no fertilizer added, natural moisture; LS, spikelet type:





OPS/images/cover.jpg
& frontiers Frontiers in Plant Science

Seed position in spikelet
as a contributing factor
to the success of the winter
annual invasive grass
Aegilops tauschii









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Plant Science





