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Abstract

:

Both compact planting and selecting superior maize (Zea mays L.) hybrids can greatly optimize the source–sink relationship and enhance maize productivity. However, the underlying physiological mechanism for regulating carbon (C) assimilate transport and influencing grain yield between maize cultivars has remained unclear under contrasting plant densities. A two-year field experiment was conducted to investigate grain yield, vascular bundle character, grain filling, C allocation in grains and other tissues, and hormone level and enzyme activity in grains under 60,000 (ND) and 90,000 plants ha−1 (HD) densities using Xianyu 335 (XY335) and Zhengdan958 (ZD958) hybrids. Compared to the ZD958, XY335 increased grain yield, kernel number per plant (KNP), and sink capacity by 11.4%, 15.7%, and 7.4%, respectively. Moreover, XY335 performed higher net photosynthetic rate and sucrose synthase activities in grains than those in ZD958, and higher levels of sucrose phosphate synthase and soluble acid invertase activity were mainly exhibited in the middle of the grain filling stage, which contributed to increasing the proportion of grain in total dry matter, grain C content and leaf C transport efficiency by 4.3%, 12.2%, and 52.9%, respectively, under HD conditions. Additionally, a greater area and number of small vascular bundle in ear of XY335 resulted in 21.3% higher matter transport efficiency and 4.8% higher maximum grain filling rate than ZD958 under HD conditions. In addition, grains of XY335 exhibited generally higher levels of indole acetic acid (IAA) and abscisic acid (ABA), as well as ABA/GA3 ratio after maize pollination relative to those from ZD958, conducive to regulating C translocation from leaves to grains. Overall, our study illustrates that stronger source activity, sink characteristics, and matter transport channels for maize hybrids are significant for C assimilate transport to grain for achieving high grain yield under higher plant density.
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1. Introduction


With the global population continually growing, as one of three major cereal crops worldwide, maize (Zea mays L.) plays an important role in food and feed; thus, enhancing its grain yield has been receiving widespread attention for a long time [1]. Currently, maize grain yield is greatly improved with two strategies in practice and the studied area: (i) selecting high-yield varieties, and (ii) scientific and appropriate cultivation practices, of which increasing plant density is considered to have a huge role in guaranteeing farmland productivity [2,3,4]. However, greatly increasing plant density generally decreases the resources available for each plant, although both source (leaves) and sink (kernels) limit the supply of assimilates under those conditions [3,5]. It is clear that the modern cultivars have made much progress in increasing the source production ability to improve grain yield relative to some older maize cultivars, but a balanced source–sink relationship and well-established sink traits are likely required to increase maize grain yield further [2,5,6]. Therefore, characterizing sink and clarifying its relationship with grain yield of some modern maize varieties will further contribute to increasing grain yield [4,5,7].



Maize sink strength is determined by its competitive ability for assimilates, which depends on sink capacity and sink activity from grains [8,9]. Sink capacity is associated with the cell division number and the size of sink cells (i.e., the final kernel number per plant, KNP, and kernel weight per plant, KW) [5,8]. KNP was determined by the number of fertilized florets around the silking stage, and it can be regulated by crop state during the early 1–3 weeks of the maize silking stage [4,5,7,10]. Moreover, a positive correlation was found between KW either post-silking assimilate production or lower assimilate stored in vegetative organs before maize silking [5,8,10]. On the other hand, the contribution rate of KNP and KW of different varieties to grain yield is controversial under the high plant density reported by previous studies [8,10,11]. Chen et al. [12] suggested that KW, rather than kernel number, was the primary component driving yield improvement. However, Kamara et al. [13] proposed that planting density was significantly limited by the local climate and other factors, there was no uniform standard for the optimum planting density and increasing plant density for different maize hybrids would reduce 7–8% KW relative to those from normal plant density, but the KNP obtained from intensive plant density could offset the loss of KW and further contribute to increasing grain yield [11].



Sink activity is a physiological constraint upon the assimilate import for sink organs; generally, higher sink activity results in strengthened carbohydrate-assimilated storage in sink organs [8]. Carbohydrate assimilates produced by source leaves, primarily in the form of sucrose, are loaded into phloem and delivered to sink tissues [14]. Thus, sink activity is strongly represented by the physiological enzyme performances, for instance sucrose synthase (SS), sucrose phosphate synthase (SPS), and soluble acid invertase (SAI). It has been addressed that higher SS and SPS activity are conducive to promoting the ability of the sink to produce sucrose and portion the assimilates, thereby performing higher sink activity [8,15,16]. Additionally, SAI is responsible for interrupting the retrieval mechanism of sucrose back into the phloem and enables a selective uptake of metabolites by the sink organs [9,17,18]. Therefore, exploring these enzymes’ activity in response to variety and planting density is significant in clarifying sink activity characteristics for maize grain yield improvement.



Generally, crop grain yield is not only determined by the dry matter accumulation, but also the allocation of assimilates depending on an efficient translocation system [19,20]. Some crop hybrids with a higher dry matter proportion of reproductive organs increased grain yield by providing more photosynthate for sink tissues than other hybrids [21]. Furthermore, previous research has shown that the KNPs are strongly related to the vascular bundles [22], and dry matter partitioning could be improved by increasing the number or area of vascular bundles, indicating that the vascular system is an important matter transport channel, strongly supporting the allocation of assimilates for high yield formation [23,24]. Therefore, the capacity of the vascular bundle system for efficiently transporting assimilates from the vegetative organs to the sink organs is a limiting factor for intensifying yield potential, and worthy of receiving more attention [22,23,25].



Hormones play important roles and have been proven to have functions in the regulation of plant growth and development, including cell division, sink establishment, and kernel growth [26]. Indole acetic acid (IAA) and gibberellic acid (GA3) affect physiological and biochemical processes and enhance not only the transportation of assimilates to grains, but also the grain-filling rate in various crops (e.g., maize) [27,28]. Previous studies have shown that abscisic acid (ABA) inhibited endosperm cell division and decreased starch granules decline the kernel number and assimilate transport to the grain [29,30]; nevertheless, even at high concentrations (100–1000 μM), there is no entire inhibition of plant growth, and large seeds have a higher grain-filling rate than small seeds [31,32]. Additionally, it has been revealed that maize hybrids with different genotypes have different responses of hormones to environmental factors and cultivation strategies [31]. For instance, hybrids more suitable for drought-stress condition were found with higher ABA and lower GA3 than the normal hybrids, and hybrids with higher IAA content are beneficial in enhancing their grain starch synthesis capacity to help them build a stronger sink than other hybrids [26,31,33,34]. However, it is not fully known the ways in which hormones influence carbon (C) assimilate translocation and partition, or even the relationship between hormones and sink strength under high plant density between maize hybrids.



The ZD958 and XY335 maize hybrids widely planted in northeast China have been proven to have contrasting nutrient utilization efficiency in previous research [35]. By using these two typical maize varieties, the main aim of this study was to investigate the relationships involved in source production ability, sink strength, matter translocation and grain yield improvement, and how they were affected by maize genotype and plant density. We hypothesized that maize varieties with large sink capacity and activity had higher physiological metabolic capacity, source productivity, and grain yield. Therefore, source, sink characteristics, and grain yield were compared between two maize genotypes in response to contrasting plant densities, and the physiological mechanisms underlying variations in matter transport efficiency and the relationships between sink strength and matter transport efficiency between maize genotypes were clarified in this study.




2. Materials and Methods


2.1. Site Description


The field experiment was conducted in Gongzhuling, Jilin Province, China (43°31′ N, 124°48′ E) in 2017 and 2018. This study area is a typical rain-fed region with spring maize planted dominantly in Northeast China. The initial characteristics of the soil at 20 cm depth before the experiment were determined as 25.9 g kg−1 organic matter, 1.25 g kg−1 total N, 61.8 mg kg−1 available P, 150.2 mg kg−1 available K, and pH 6.4. The rainfall and effective accumulation temperature were 516.5 mm and 1625.1 °C, respectively, in 2017 and 641.6 mm and 1590.3 °C, respectively, in 2018 during the whole growth stage of maize (Figure 1).




2.2. Experiment Design and Field Management


A split-plot design was employed in this study, with the main plots as Xianyu 335 (XY335) and Zhengdan 958 (ZD958) maize hybrids and the subplots as planting density with 60,000 plants ha−1 (ND) and 90,000 plants ha−1 (HD). The size for each plot was 45 m2 (6 m × 7.5 m) with 0.6 m interspace apart. All test plots were applied with 100 kg ha−1 P (Ca3(PO4)2) and 100 kg ha−1 K (KCl) fertilizers before sowing, and a total of 200 kg ha−1 N (Urea) fertilizer with a ratio of 5:3:2 was applied before maize sowing and during the maize elongation and silking stages, respectively. Plots were kept free of pests and weeds, and disease was also well-controlled according to local practices for maize high yield cultivation. Maize was sown manually with handheld planter on 30 April 2017 and 3 May 2018 and harvested on 1 October in both years. Generally, the number of seeds sowed was 20% higher than the treated planting density (60,000 or 90,000 plants ha−1), and then the maize plants were thinned to the target planting density around 20 days after emergence.




2.3. Data Collection


2.3.1. Dry Matter (DM) and Carbon (C) Content


At the maize silking and physiological maturity stages, three random plants from each plot were collected and separated into leaf, grain, cob, and stalk (including sheaths and remaining tissues). Plant samples were heat-treated at 105 °C for 30 min, then dried at 80 °C to a constant weight for DM determination. After that, they were milled into fine powder; then, 6 mg subsample was used to measure C content using the Elemental Analyzer (Elementar, Langenselbold, Germany).



DM accumulation (g plant−1) after maize silking was calculated as:


DM = DM at maturity − DM at silking



(1)







Leaf C transport efficiency (LCTE, %) was calculated as:


LCTE = (SLC − MLC)/SLC × 100%



(2)




where the SLC and MLC are leaf C content at maize silking and maturity stages, respectively.




2.3.2. Leaf Area Index (LAI) and Net Photosynthetic Rate (Pn) of Ear Leaf


At the 0, 23rd, 38th, and 60th days after maize silking in 2017 and 2018, three plants in each plot were selected to measure the leaf area (LA). LA was calculated as the equation:


LA = Leaf length × maximum leaf width × 0.75



(3)







Then, the leaf area index (LAI) was calculated as total LA per unit of land area.



At the 0, 23rd, 36th, and 49th days after maize silking, the net photosynthetic rate (Pn, μmol CO2 m−2 s−1) of ear leaf was measured between 9:30 and 12:00 a.m. on a sunny day using a CIRAS-III portable photosynthesis system (PP System, Hansatech, UK) with the LED light at a photosynthetically active radiation intensity of 1600 μmol photons m–2 s–1 and a constant CO2 concentration of 400 ± 5 μmol mol–1. In general, three plants were selected for measurements. If great variation occurred among measurements from the first three plants, this set of data was discarded, and 3–5 plants were reselected for measurement until reliable values were obtained.




2.3.3. Enzyme Activity and Hormone Content in Grain


The activity of sucrose-phosphorus synthase (SPS), source synthase (SS), and soluble acid invertase (SAI) was measured at the 10th, 23rd, and 49th days after maize pollination. Moreover, the endogenous hormones including abscisic acid (ABA), indoleacetic acid (IAA), and gibberellic acid (GA3) were measured at the 10th, 23rd, 36th, and 49th days after pollination. Generally, the first day of pollination was around 3–5 days after maize silking, and the pollination standard was defined as the silk color changing to red. In each plot, 50 plants uniform in growth were marked and their pollination date was recorded. Three ears were selected at random from the above plants marked in the plot for each measurement, and the kernels in the middle of the ear were stripped and frozen in liquid nitrogen for 30 min, then stored at −80 °C for enzyme activity and hormone determination. Enzyme-linked immunosorbent assay (ELISA) was used to measure enzyme activity and endogenous hormone levels [34].




2.3.4. Kernel Dry Weight Accumulation and Kernel Volume


During the grain filling stage of maize in 2017 and 2018, five time points were selected for the determination of kernel dry weight and volume in each year. For each sampling point, six plants in each plot were sampled randomly; those kernels in the middle of ear were collected and then divided into two groups according to the kernel number. The first group of three 100 kernels was oven-dried at 80 °C to a constant weight to determine kernel weight, and those kernels in the other group were used to determine kernel volume using the drainage method [36]. Kernel dry weight accumulation and kernel volume were simulated using a logistic Equation (4) to obtain the process of grain filling, as described by Wei et al. [33]:


  y =  a  1 + b  e  − c x      



(4)




where x refers to the days after pollination, y is the kernel weight (g), a, b, and c are estimated parameters of the logistic equation; a is the ultimate growth mass, b is the primary parameter, and c is the growth rate parameter, respectively.




2.3.5. Area and Number of Vascular Bundle


At the maize milking stage in 2018, five plants were collected for vascular bundle characterization. The number and area of vascular bundles in maize peduncle and cob were obtained following the method described in our previous study [22]. Additionally, peduncle-bleeding sap was collected to determine the matter transport efficiency (MTE, mg mm−2 h−1) [22]:


  MTE =   R B S   V A B    



(5)




where RBS refers to the rate of peduncle bleeding sap from 17:00 to 05:00 of the next day (mg h−1), and VBA refers to the vascular bundle area of peduncle internode (mm2).




2.3.6. Floret Number, Grain Yield and Sink Capacity


On the 7th day after maize pollination, the maize ears were cut off from three random plants for each plot, and the number of florets was recorded by removing silk [37]. After maize maturity, four rows of maize were harvested manually to determine grain yield, 100-kernel weight, and kernel number per plant. Grain yield was standardized to 14% moisture. Sink capacity per ear was calculated using the following equation [38]:


Sink capacity = kernel number per plant × grain weight per kernel



(6)









2.4. Statistical Analysis


The assumptions of the mathematical model (normality of errors and homogeneity of variance of residuals) were tested for all data, error normality was checked using the Kolmogorov-Smirnov test [39], and homogeneity of residual variance was checked by Levene’s test [40]. ANOVA was performed using SPSS 20.0 software (SPSS Institute Inc., Chicago, IL, USA). Differences between treatments, factors and their interaction effects were compared using the least significant difference test (LSD) at the 0.05 level of probability. All figures were produced in Origin 2019b (Origin Lab, Northampton, MA, USA). The grain-filling parameters were calculated using CurveExpert Professional 2.2.0 (Hyams Development).





3. Results


3.1. Number of Florets, Grain Yield, and Sink Capacity


Number of florets, kernel number per plant (KNP), 100-KW, grain yield and sink capacity of maize were significantly affected by the year (Y), plant density (D), and genotype (G) factors, and they also were influenced by the interaction of Y × D × G in addition to 100-KW (Table 1). Moreover, HD treatments were accompanied by a decline in 100-KW, number of florets, KNP, and sink capacity relative to ND treatments for both maize genotypes. However, due to higher spikes per hectare, HD treatments significantly enhanced the grain yield compared to ND treatments. The XY335 hybrid obtained the highest grain yield from under the HD plots in both study years, with average values of 13.9 t ha−1 across two years. Moreover, under HD conditions, although the average 100-KW of XY335 hybrid was 11.5% lower than that of ZD958, the KNP was 17.4% higher than that of ZD958 due to its higher floret number. Thus, the XY335 hybrid showed 2.9–13.4% higher sink capacity than ZD958 hybrid in 2017 and 2018, regardless of ND or HD treatments.




3.2. Kernel Weight, Kernel Volume, and Maximum Grain-Filling Rate (Gmax)


Compared to ND condition, HD treatment strongly reduced both final 100-kernel weight (100-KW) and volume for two maize hybrids at maize maturity stage, whilst ZD958 showed higher values relative to those from XY335 (Figure 2). The dynamics of 100-KW and 100-kernel volume appeared with two stages of rapid and slight increases from pollination to maturity. There was no clear difference in 100-KW between the two hybrids around the initial 35 days after pollination, and after that until maize maturity, the 100-KW of ZD958 became gradually higher than those from the XY335 hybrid, especially under HD conditions, and the final 100-KW of ZD958 was on average 8.1% higher than those of the XY335 hybrid. Similarly, distinctive differences in kernel volume between treatments were presented after 25-day pollination of maize, and the final 100-kernel volume of ZD958 was 8.6% higher than those from XY335 on average. With respect to Gmax, HD treatments significantly reduced the values for XY335 and ZD958 relative to ND conditions and XY335 was observed to have higher Gmax than ZD958 in both study years (Figure 2).




3.3. Leaf Area Index (LAI) and Net Photosynthetic Rate (Pn) of Ear Leaf


Plant density significantly affected leaf area index (LAI) and net photosynthetic rate (Pn), and LAI and Pn exhibited great variation between maize genotypes and plant density after maize silking (Figure 3). Generally, LAI showed declining trends from maize silking in both study years and HD treatment was accompanied with LAI reduction at the late stage of maize, for instance, 40 and 60 days after silking. Additionally, the XY335 hybrid exhibited lower LAI than the ZD958 hybrid during this period of both years, regardless of plant density conditions. Most notably, as for Pn, XY335 was observed with significantly higher values around 20–40 days after silking than those from ZD958 by, on average, 8.3% and 10.5% under ND and HD conditions across the two years, respectively. These results indicated that XY335 had a greater source activity relative to ZD958.




3.4. Dry Matter Accumulation and Distribution in Different Organs of Maize


The results of ANOVA analysis revealed that year (Y), plant density (D) and Y × D × G (genotype) significantly affected pre- and post-silking DM, and factor D, G and Y × D × G also significantly influenced total DM of maize (Table 2). Compared to ZD958, the XY335 hybrid presented higher values in total DM (9.0% and 8.4%), pre-silking DM (12.6% and 9.3%), and post-silking DM (5.0% and 7.2%) under ND and HD conditions across two years, respectively.



At the maturity stage, the highest proportion of DM was observed in grain (>50%), followed by stem, leaf, and cob. Compared to ZD958, the XY335 hybrid had a higher proportion of grain in total dry matter by 6.5% for ND and 4.3% for HD. Simultaneously, XY335 had a lower proportion of stem and leaf than those in ZD958. For instance, they were, on average, lower by 10.5% and 20.1% in the leaves of XY335 under ND and HD conditions, respectively.




3.5. Leaf and Grain Carbon © Contents, and Matter Transport Efficiency


Compared to ND conditions, HD treatments were correlated with lower values for leaf carbon content (SLC) at maize silking stage, but higher values (MLC) at maturity stage, resulting in clearly higher Leaf C transport efficiency (LCTE) under ND conditions relative to HD conditions for both maize hybrids (Table 3). However, XY335 presented 20.7% and 52.9% higher LCTE than those from ZD958 under ND and HD treatments, respectively. These results contributed to 9.2% and 12.2% higher C contents in the grain of XY335 relative to ZD958 hybrid under ND and HD treatments, respectively. Additionally, compared to the ZD958 hybrid, XY335 showed significantly higher peduncle bleeding sap under both plant density conditions, demonstrating increased matter transport efficiency (MTE) by 2.5% for ND and 21.3% for HD conditions.




3.6. Sucrose Synthase (SS), Sucrose Phosphate Synthase (SPS), and Soluble Acid Invertase (SAI) Enzyme Activity in Grain


Except for genotype (G)’s effect on SPS, maize SPS, SS, and SAI were significantly affected by plant density (D) and G factors, and their interaction (D × G) significantly influenced SS and SAI activity. Under ND condition, SS, SPS and SAI activities were observed with significant differences between the two hybrids after maize pollination in 2018. Except for the SPS measurement of 10th day, XY335 performed clearly stronger enzyme activities, with SPS, SS, and SAI on average 2.1%, 2.9%, and 9.1% higher than those in ZD958 (Figure 4). However, under HD treatment, a similar trend of SS activity between maize varieties was presented; on average, 7.7% lower SS enzyme activity was found with ZD958 than with XY335. As for SPS and SAI, XY335 showed significantly higher enzyme activities compared to those from ZD958 in the second investigation in this study.




3.7. Vascular Bundle Structure in Internodes


Plant density presented significant effects on the area of big (ABVB) and small (ASVB) vascular bundles from the peduncle and cob of maize in 2018, and HD treatments tended to decrease ABVB and ASVB in the phloem of peduncle and cob, regardless of the maize hybrid tested (Figure 5). In xylem internode, HD treatments decreased 11.0% ABVB in the peduncle internode, but increased 21.9% ASVB in the cob internode for both maize hybrids with a statistical difference compared to ND conditions, accompanied by decreases in the total area of the vascular bundle (Figure 5). In addition, total ABVB and ASVB in cob of ZD958 were found to have lower values under HD conditions than those under ND treatments, but this phenomenon did not occur with the XY335 hybrid. With respect to NBVB and NSVB, HD treatments were observed with significantly lower values compared to those from ND treatments for both maize varieties, whilst the NSVB of ZD958 exhibited significantly lower values than those of XY335 for each plant density treatment (Figure 5). Such differences could be observed in those micrographs of vascular bundles (Figure S1) as well.




3.8. Hormone Content in Grain


Indoleacetic acid (IAA), abscisic acid (ABA) and gibberellic acid (GA3) contents in grains were investigated 0–50 days after anthesis of maize, and strong variations could be found between maize hybrids, but not for plant density treatments (Figure 6). IAA and GA3 contents of grain showed unimodal curves with a peak around the 23rd day after maize pollination. However, ABA contents in grains gradually increased as growth developed. As for IAA and ABA contents, greater values were determined with XY335 during most periods after maize pollination than those from ZD958 by 9.5% and 19.0%, respectively. Additionally, the GA3 level in grain showed 12.9% higher values from XY335 relative to ZD958 at later observations (36 and 49 days after pollination). Thus, the ratio of ABA/GA3 was significantly higher in XY335 than that from ZD958 from 23–36 days after maize pollination for both HD and ND treatments.




3.9. Correlation Analysis


Further analysis was conducted to determine the correlation between matter transport efficiency (MTE) in the peduncle, DM, sink capacity (SC), Gmax, small vascular bundle structure, C content, enzyme activity, and hormone content in grains (Figure 7). The MTE of the peduncle was not only positively related to sink capacity and total DM, but also with the C content in grain and Gmax. A similar relationship was observed between the C content in grain and SAI/SPS enzyme activity. C content in the grain was also positively correlated with the number of small vascular bundles in the peduncle (NSP) and the area of small vascular bundles in the cob (ASC). Moreover, IAA content was positively related not only to MTE, but also to grain C content, and the positive correlation between ABA contents and MTE was consistent with the correlation between the ABA/GA3 ratio and grain C content.





4. Discussion


In maize production, higher grain yield is generally achieved through increased plant density [41,42]. Here, the grain yield under HD conditions was significantly higher than that under ND treatment in both maize hybrids tested, and it was noteworthy that the grain yield of XY335 was, on average, 10.1% higher than that of ZD958 under HD conditions (Table 1). This was determined by different responses of source activity, sink characteristics, and assimilate allocation to plant density between XY335 and ZD958 hybrids. Previous studies demonstrated that higher productivity could be altered by source capacity and sink strength [5,8,43]. Stronger sink traits are important supports for transporting assimilates produced from source to grains [42,44,45].



Sink capacity and activity are the symbols of sink strength and greatly competitive activity of sink organs [8]. It has been reported that hybrids with a higher grain weight may be a better measure for sink in attracting assimilates than those with a lower grain weight [45,46,47]. In this study, a higher sink capacity was observed in XY335 relative to the ZD958 hybrid, but the final 100-KW in XY335 was much lower than that of ZD958 (Table 1). On the one hand, the final 100-KW was more closely related to the maximum kernel volume, but when kernels reached the maximum volume, they stopped expanding; then, without space for accommodating the incoming assimilates, the 100-KW cannot increase any more [48,49]. This is the reason that higher 100-KW in the ZD958 hybrid relative to XY335 was attributed to the higher kernel volume with ZD958 (Figure 2). Thus, these results suggested that higher sink capacity in XY335 was mainly due to its greatly bigger KNP rather than 100-KW, which is typically distinctive from previous results [45]. On the other hand, it is believed that KNP was determined by the number of pollinated florets that developed into kernels [3,50]. Higher KNP in XY335 was due to its greater number of florets than that of ZD958 under the two plant densities, indicating that superior KNP might be genotype-specific.



It has been documented that enzyme activity involved with C metabolism in sink could indicate sink activity, and they kept generating a gradient of C content between source and sink, allowing phloem to unload more C assimilates to the sink [20,47,51]. For instance, high SPS and SS in grain generally contribute to carbohydrates transporting from vegetation organs to kernels, thereby increasing KW [52,53,54]. However, the XY335 hybrid was determined with higher SPS and SS activities, but lower 100-KW relative to the ZD958 hybrid (Figure 4), because more KNP in XY335 under either plant density relative to the ZD958 hybrid made stronger competition for C assimilates, accounting for the higher SPS and SS in the grain. This phenomenon was believed to be associating with the competitive relationship between individual kernels for the utilization of assimilates imported, which is consistent with findings in previous research [47]. On the other hand, high C assimilation was thought to generate sugar signals requiring cell division and enhancing the competitive ability of individual kernels for competitive total assimilates in sink tissues [54,55,56]. Moreover, our results also indicated that XY335 was found with higher SAI activity of grain than ZD958 in the middle of grain filling stage (Figure 4). Higher SAI activity accelerated apoplastic phloem unloading assimilates to sink tissues [57], ultimately leading to larger quantities of assimilated C being transported to the grain [58,59], thereby resulting in generally higher proportions of C content in XY335 grain relative to ZD958 in this study (Table 3). These results suggested that high SPS and SS in grain was beneficial for maize, making full use of carbohydrates to fill grains, and increased SAI might be related to the ability of assimilates unloading to sink organs. Therefore, superior sink activity could be a key factor underlying strong grain yield in the maize hybrid, since it is involved with the regulation of grain filling via C assimilation feedback.



Higher source activity production leads to larger DM accumulation, and increased sink strength leads to higher DM accumulation and strong DM accumulation of grain, which is a result of increased total plant DM accumulation and higher translocation efficiency [60]. Here, XY335 exhibited relatively higher DM accumulation during the pre-silking and post-silking stage, especially under ND conditions, compared to ZD958 (Table 2). Moreover, higher DM accumulation might be associated with good performance of net photosynthetic rate (Pn), indicating that the strong source boosts crop growth and the crop productivity [61]. Our data confirmed this point that higher DM accumulated in XY335 with relatively greater Pn, compared with ZD958. Further correlation analysis showed that total DM was positively related to MTE (Figure 7), suggesting that both higher source and sink traits are conducive for MTE, thereby obtaining high total DM accumulation.



The vascular bundle phloem is reasonable for transporting most of the C assimilates to grains [22,62,63]; thus, the phloem area of the vascular bundle system is a key regulating factor of MTE [22,63]. In this study, there is a much higher number and area of small vascular bundles located in the peduncle and cob internode of XY335 (Figure 5), which contributed to MTE values in XY335 2.5% and 21.3% higher than those in ZD958 under HD and ND conditions, respectively (Table 3). Thus, the increased MTE was probably caused by the increased number and area of vascular bundles. Furthermore, under both plant densities, the Gmax of XY335 was higher than that of ZD958 (Figure 2), and further analysis revealed that MTE was positively correlated with Gmax (Figure 7) in this study. These results suggested that optimized vascular bundles can contribute to facilitate MTE, and simultaneously this correlation was beneficial for improving the transportation capability of the conducting tissues and enriching grain filling in maize plants.



Plant hormones induce plant growth and development by responding to environmental signals; for instance, IAA is known to be involved in mediating the division and enlargement of endosperm cells [33,64]. Large-size kernels are proven to associate with a relatively higher level of IAA than small-size kernels, and IAA can increase KW to improve sink capacity [65,66]. In this study, XY335 was observed with higher IAA and larger sink capacity (Figure 6), which was positively associated with its C content and MTE (Figure 7). However, it is clear that high sink capacity is due to more KNP, not larger KW in XY335. Thus, these results demonstrated that high sink capacity might require higher IAA to regulate more C and facilitate kernel number rather than individual KW, particularly under compact planting conditions. In contrast to the response of IAA, the ABA in grains was rather low at the beginning of grain filling stage and generally increased later under both maize hybrids (Figure 6). Researchers reported that high ABA in kernels decreased KW, even causing kernel abortion [67,68], but also showed that high ABA concentration in maize was nearly unaffected in kernel development [69]. Although the function of ABA to sink is still controversial [67,69], the increase in ABA in grain might indicate that the mature process of XY335 was more accelerative than that of ZD958 in this study (Figure 2 and Figure 6). In addition to ABA, the interaction of ABA and GA3 was thought to likely have a vital regulatory role in improving sink activity to increase C assimilates’ translocation to sink tissues [70,71]. During the middle of the grain filling stage, the ABA/GA3 ratio was higher in XY335 than those of ZD958 (Figure 6), and there was a positive relationship between ABA/GA3 and grain C content (Figure 7). These results demonstrated that higher IAA, ABA, and ABA/GA3 levels increased matter transport and grain C contents to meet sink requirements associated with high sink strength.




5. Conclusions


Grain yields of both maize cultivars were on average 25.2% higher under high plant density conditions than those of normal plant density conditions. Higher sink capacity and, for instance, sucrose synthase, sucrose phosphate synthase, and soluble acid invertase activities in grains contributed to improved sink strength and source activity in XY335 compared to ZD958 hybrid. Such performances were beneficial to promote carbon assimilate transportation, which resulted in increasing dry matter accumulation and the proportion of grain in total dry matter. The optimized number and area of small vascular bundle in the ear position helped XY335 with 21.3% higher matter transport efficiency compared to ZD958 hybrid, thereby enhancing the Gmax. In addition, higher levels of indole acetic acid, abscisic acid, and the ratio of abscisic acid to gibberellic acid in XY335 positively correlated with matter transport efficiency and carbon translocation to grains. This study provides some useful information for the cultivation strategy of high grain yield for maize hybrids related to those in this study, and not only focusing on source enhancement, but also giving more attention to stronger sink traits might be an approach for increasing maize grain yield, particularly under compact planting conditions.
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Figure 1. Daily meteorological data for maize growth seasons in 2017 and 2018. 
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Figure 2. Dynamics of 100-kernel weight, 100-kernel volume and Gmax of two maize hybrids after pollination under ND and HD conditions in 2017 and 2018. Gmax, maximum grain-filling rate; ND and HD indicate 60,000 and 90,000 plants ha−1 density, respectively. Values shown are the mean ± SE (n = 3). Letters on column chart indicate statistically significant differences between treatments at p < 0.05. ns, not significant; *, ** and *** indicate significant difference at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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Figure 3. Dynamics of LAI and Pn of ear leaves from two maize hybrids grown under ND and HD conditions in 2018. LAI, Leaf area index; Pn, Net photosynthetic rate. ND and HD indicate 60,000 and 90,000 plants ha−1 density, *, ** and *** indicate significant difference at p < 0.05, p < 0.01, p < 0.001, and NS, no significance, respectively. Bars denote standard error (n = 3). 
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Figure 4. Dynamics of SPS, SS, and SAI activities in grain of two maize hybrids grown in 2018 under ND and HD treatments. SPS, Sucrose-phosphorus synthase; SS, Source synthase; SAI, Soluble acid invertase. Bars denote standard error (n = 3). ND and HD indicate 60,000 and 90,000 plants ha−1 density, *, ** and *** indicate significant difference at p < 0.05, p < 0.01, p < 0.001, and NS, no significance, respectively. 
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Figure 5. Effect of plant density on the area and number of big and small vascular bundles in two maize hybrids grown at maize milking stage in 2018. ABVB and ASVB, area of big and small vascular bundle; NBVB and NSVB, number of big and small vascular bundle. ND and HD indicate 60,000 and 90,000 plants ha−1 density, respectively. Bars denote standard error (n = 3). Letters indicate statistically significant differences in same position at p < 0.05 between treatments. 
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Figure 6. Effect of plant density on indole-acetic acid (IAA), abscisic acid (ABA), and gibberellic acid (GA3) contents in grain between two maize hybrids in 2018 growth season. ND and HD indicate 60,000 and 90,000 plants ha−1 density, *, ** and *** indicate significant difference at p < 0.05, p < 0.01 and p < 0.001, respectively. Bars denote standard error (n = 3). 
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Figure 7. Correlation analysis among MTE, C content in grain, DM, sink capacity, Gmax, enzymes activity, small vascular bundle structure, and hormones content throughout all treatments of this study in 2018. MTE, Matter transport efficiency of peduncle; SC, sink capacity; DM, Accumulation of total dry matter; Gmax, Maximum grain-filling rate; SAI, Soluble acid invertase; SPS, Sucrose-phosphorus synthase; C, grain carbon contents; NSP, Number of small vascular bundle in peduncle; ASC, Phloem area of small vascular bundle in cob; IAA, indoleacetic acid; ABA, abscisic acid; ABA/GA3, The ratio of abscisic acid to gibberellic acid. *, ** and *** indicate significant difference at p < 0.05, p < 0.01 and p < 0.001, respectively. 
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Table 1. Effect of plant density on florets, grain yield and sink capacity between two maize hybrids in 2017 and 2018.
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Year

	
Genotype

	
Plant Density

(Plant ha−1)

	
100-KW (g)

	
Number of Florets

(No. Plant−1)

	
KNP

(No. Plant−1)

	
Sink Capacity

(g Plant−1)

	
Grain Yield

(t ha−1)




	
2017

	
XY335

	
ND

	
32.8b

	
723.3a

	
651.5a

	
213.5a

	
10.9c




	
HD

	
28.5c

	
626.0b

	
594.2b

	
169.4c

	
13.9a




	
ZD958

	
ND

	
33.8a

	
636.7b

	
546.4c

	
184.8b

	
9.3d




	
HD

	
32.5b

	
559.7c

	
484.0d

	
157.1d

	
12.5b




	
2018

	
XY335

	
ND

	
29.3c

	
784.7a

	
696.3a

	
204.1a

	
10.4c




	
HD

	
27.7d

	
705.3b

	
645.7b

	
178.6c

	
13.8a




	
ZD958

	
ND

	
32.4a

	
722.0b

	
612.0c

	
198.1b

	
9.3d




	
HD

	
31.0b

	
615.3c

	
541.3d

	
168.0d

	
12.4b




	
ANOVA

	
Year (Y)

	
***

	
***

	
***

	
**

	
**




	
Density (D)

	
***

	
***

	
***

	
***

	
**




	
Genotype (G)

	
***

	
***

	
***

	
***

	
***




	
D × G

	
NS

	
NS

	
NS

	
NS

	
NS




	
Y × D × G

	
NS

	
*

	
***

	
**

	
*








Note: 100-KW, 100-kernel weight; KNP, Kernel number per plant. ND and HD indicate 60,000 and 90,000 plants ha−1, respectively. Letters following measurements indicate statistically significant differences between groups at p < 0.05. NS, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 2. Effect of plant density on dry matter and distribution in different organs of two maize hybrids in 2017 and 2018.






Table 2. Effect of plant density on dry matter and distribution in different organs of two maize hybrids in 2017 and 2018.





	
Year

	
Genotype

	
Plant Density

(Plant ha−1)

	
Total DM

(g Plant−1)

	
Pre-Silking DM

(g Plant−1)

	
Post-Silking

DM

(g Plant−1)

	
DM Distribution in Different Organs at Maturity (%)




	
Stem

	
Leaf

	
Grain

	
Cob






	
2017

	
XY335

	
ND

	
364.0a

	
192.7a

	
171.3a

	
28.0b

	
7.1c

	
58.7a

	
6.2ab




	
HD

	
318.0c

	
158.4c

	
159.5b

	
26.4b

	
9.1b

	
57.5a

	
7.0a




	
ZD958

	
ND

	
348.8b

	
171.9b

	
176.9ab

	
31.0a

	
9.1b

	
54.8b

	
5.1c




	
HD

	
274.5d

	
130.9d

	
143.7c

	
26.1b

	
13.5a

	
54.8b

	
5.7bc




	
2018

	
XY335

	
ND

	
387.0a

	
157.2a

	
229.8a

	
26.0c

	
11.4b

	
57.3a

	
5.4a




	
HD

	
290.8c

	
120.0c

	
170.8c

	
27.9b

	
12.0b

	
55.7b

	
4.5b




	
ZD958

	
ND

	
333.8b

	
134.4b

	
199.4b

	
29.2a

	
11.3b

	
53.7c

	
5.8a




	
HD

	
281.5d

	
118.4c

	
163.1c

	
29.4a

	
13.0a

	
53.5c

	
4.0b




	
ANOVA

	
Year (Y)

	
NS

	
***

	
***

	
NS

	
***

	
***

	
***




	
Density (D)

	
***

	
***

	
***

	
*

	
***

	
NS

	
NS




	
Genotype (G)

	
***

	
***

	
NS

	
***

	
***

	
***

	
**




	
D × G

	
NS

	
NS

	
NS

	
**

	
***

	
NS

	
NS




	
Y × D× G

	
***

	
**

	
***

	
NS

	
NS

	
NS

	
NS








Note: DM, Accumulation of total dry matter. ND and HD indicate 60,000 and 90,000 plants ha−1, respectively. Letters following measurements indicate statistically significant differences between groups at p < 0.05. NS, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 3. Effect of plant density on the leaf and grain C contents, mean grain filling rate, and matter transport efficiency in two maize hybrids grown in 2018.






Table 3. Effect of plant density on the leaf and grain C contents, mean grain filling rate, and matter transport efficiency in two maize hybrids grown in 2018.





	
Genotype

	
Plant Density (Plant ha−1)

	
SLC (g)

	
MLC (g)

	
LCTE (%)

	
G-C (g)

	
Peduncle Bleeding Sap

(mg h −1)

	
MTE

(mg mm −2 h −1)






	
XY335

	
ND

	
24.7a

	
10.4c

	
57.9a

	
89.5a

	
1005.0a

	
23.7a




	
HD

	
16.5b

	
13.7ab

	
17.0c

	
71.3c

	
588.0c

	
18.3b




	
ZD958

	
ND

	
23.1a

	
12.5b

	
45.9b

	
81.3b

	
936.7b

	
23.1a




	
HD

	
16.3b

	
15.0a

	
8.0d

	
62.6d

	
468.3d

	
14.4c




	
ANOVA

	
Density (D)

	
***

	
***

	
***

	
***

	
***

	
***




	
Genotype (G)

	
NS

	
**

	
***

	
***

	
***

	
**




	
D × G

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS








Note: SLC, Leaf C content at silking stages; MLC, Leaf C content at maturity stages; LCTE, Leaf C transport efficiency; GC, C content in grain. ND and HD indicate 60,000 and 90,000 plants ha−1, respectively. Letters following measurements indicate statistically significant differences between groups at p < 0.05. NS, not significant. ** p < 0.01, *** p < 0.001.
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