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Ovary Abortion Induced by Combined Waterlogging and Shading Stress at the Flowering Stage Involves Amino Acids and Flavonoid Metabolism in Maize
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Maize (Zea mays L.) crops on the North China Plain are often subject to continuous overcast rain at the flowering stage. This causes waterlogging and shading stresses simultaneously and leads to huge yield losses, but the causes of these yield losses remain largely unknown. To explore the factors contributing to yield loss caused by combined waterlogging and shading stress at the flowering stage, we performed phenotypic, physiological, and quasi-targeted metabolomics analyses of maize plants subjected to waterlogging, shading, and combined waterlogging and shading (WS) treatments. Analyses of phenotypic and physiological indexes showed that, compared with waterlogging or shading alone, WS resulted in lower source strength, more severe inhibition of ovary and silk growth at the ear tip, a reduced number of emerged silks, and a higher rate of ovary abortion. Changes in carbon content and enzyme activity could not explain the ovary abortion in our study. Metabolomic analyses showed that the events occurred in ovaries and silks were closely related to abortion, WS forced the ovary to allocate more resources to the synthesis of amino acids involved in the stress response, inhibited the energy metabolism, glutathione metabolism and methionine salvage pathway, and overaccumulation of H2O2. In silks, WS led to lower accumulation levels of specific flavonoid metabolites with antioxidant capacity, and to over accumulation of H2O2. Thus, compared with each single stress, WS more seriously disrupted the normal metabolic process, and resulted more serious oxidative stress in ovaries and silks. Amino acids involved in the stress response in ovaries and specific flavonoid metabolites with antioxidant capacity in silks play important roles during ovary abortion. These results identify novel traits for selection in breeding programs and targets for genome editing to increase maize yield under WS stress.
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INTRODUCTION

Maize (Zea mays L.) is one of the most important crops in the world, serving as an essential source of feed, food, biomass for energy production, and as an industrial raw material. The period before and after silking is the most sensitive period of maize, and is crucial in determining the final grain number (Boyer, 2010; Li et al., 2018). Maize ovary development is also highly environmentally sensitive. Abiotic stress during the flowering period results in early abortion, and the reasons for early grain abortion differ depending on the type and extent of the abiotic stress (Hütsch et al., 2014; Oury et al., 2016b; Jung et al., 2017; Shen et al., 2018; Wang et al., 2020). Some previous studies found that a decrease in acid invertase activity was associated with limited kernel setting under salt stress (Hütsch et al., 2014), and that changes in CWI activity under drought stress were related to ovary abortion (Boyer, 2004; McLaughlin and Boyer, 2004; Chen et al., 2019). However, other studies found that, under moderate drought stress during the flowering period, ovary abortion was not determined by changes in sugar concentrations or invertase activity (Henry et al., 2015; Turc and Tardieu, 2018). In another study, the sugar and starch concentrations decreased in ovaries under shading stress from 3–4 days after silk emergence, but abortion did not occur (Hiyane et al., 2010). Therefore, even though the grain abortion rate is higher under abiotic stress conditions during the flowering period in maize, the relationship between abortion and carbon status is unclear, and other factors may contribute to this process.

Summer maize on the North China Plain is often subjected to continuous overcast rain during the flowering period, resulting in yield losses of more than 20% (Zhang et al., 2009; Feng et al., 2011; Cui et al., 2012; An et al., 2018). The main consequence of continuous overcast rain is that plants are subjected to combined waterlogging and shading, which seriously affects maize development and reproduction. As a typical C4 plant, maize is very sensitive to shading (Bellasio and Griffiths, 2014). A previous study showed that shading lengthens the ASI, reduces dry matter accumulation, affects silk differentiation and setting percentage, damages mesophyll cell ultrastructure, reduces the photosynthetic rate, and decreases GY (Jing et al., 2009; Cui et al., 2015; Ren et al., 2016a). Shading has also been shown to affect carbon and nitrogen metabolism in maize, leading to the accumulation of amino acids and proteins related to stress/defense/detoxification, and decreased abundance of proteins related to starch and sucrose metabolism, glycolysis, and the TCA cycle (Jing et al., 2009; Ren et al., 2016a; Cotrozzi and Landi, 2018; Gao et al., 2020; Liang et al., 2020; Wang et al., 2020). Maize is very sensitive to waterlogging at the seedling stage but strongly resistant after the flowering stage. Waterlogging damages photosynthetic systems and the antioxidant system, leading to the accumulation of ROS. It also affects nitrogen metabolism, and decreases in nitrogen absorption and transportation negatively affect grain yield (Ren et al., 2016b, 2017, 2021). Physiological and proteomic analyses have shown that waterlogging leads to increased concentrations of ethylene and polyamines in maize leaves, disrupts energy metabolism, and decreases photosynthesis as a result of ROS accumulation (Chen et al., 2014). Waterlogging affects dry matter translocation from leaves and stems to ears in maize, resulting in insufficient grain filling. Genes involved in protein degradation, signal transduction, and carbon metabolism play important roles in the adaptation to waterlogging stress (Kaur et al., 2021). Despite the severe effects of waterlogging and shading on maize, previous studies have mainly focused on single waterlogging or shading stresses. Moreover, ovary growth and the rapid extension of silks in maize at the flowering stage are crucial for kernel setting, but few studies have focused on how these processes are affected by waterlogging, shading, and the combination of these stresses.

Understanding the complexity of the mechanisms responsible for ovary and silk development and how waterlogging and shading stress cause ovary abortion is critically important to improve maize production. Metabolomic studies have unraveled some mechanisms underlying kernel development (Wen et al., 2014; Yang et al., 2018; Bernardi et al., 2019; Gálvez Ranilla, 2020) and the responses of different crop varieties to various abiotic stress (Obata et al., 2015; Sun et al., 2016; Xiong et al., 2019; Wang et al., 2021). The reasons for maize ovary/kernel abortion in response to abiotic stress are very complex. Most previous studies have focused on the relationship between abortion and carbon status, but this relationship is still unclear. Ovary/kernel abortion may be related to changes in other metabolites or metabolic pathways. To date, no previous studies have conducted metabolome analyses of maize subjected to waterlogging, shading, and the combination of these two stresses at the flowering stage.

The aim of this study was to explore the process of ovary/kernel abortion and how it relates to carbon status. To this end, we analyzed the growth and development characteristics, physiological indices, carbon status, and quasi-targeted metabolome of maize under single and combined waterlogging and shading stresses. The metabolic characteristics of maize under single and combined waterlogging and shading stresses were determined to identify metabolites and metabolic pathways closely related to ovary abortion. This is the first metabolome study of the response of maize to these stresses, alone and combined, at the flowering stage, with a specific focus on the metabolic changes associated with ovary abortion. The results of this study have potential applications in molecular breeding and in biotechnological strategies to improve the stress resistance and yield of maize.



MATERIALS AND METHODS


Plant Materials and Treatments

The maize commercial variety Yuyu22 was grown in pots in a 3.5-m high isolation chamber at Henan Agricultural University (Zhengzhou, China). The test pots were cylindrical, 35 cm high, with top and bottom diameters of 32 cm and 27 cm, respectively. The soil samples were collected from the plowed layer (0–20 cm), sieved, and mixed well. Each pot was filled with 15 kg soil. The soil properties were as follows: organic matter 10.2 g/kg, available nitrogen 75.3 mg/kg, available phosphorus 25.5 mg/kg, and available potassium 161.4 mg/kg. Three seeds were sown in each pot, and the seedlings were then thinned to one per pot. The pots were irrigated regularly to maintain optimum soil moisture until the waterlogging treatments were applied. When the tassels had fully emerged from the whorl, healthy uniform plants were selected and randomly allocated to four groups: control (CK), waterlogging stress (W), shading stress (S), and combined waterlogging and shading stress (WS) treatments. In the W and WS treatments, the water level was maintained at 2–3 cm above the soil surface until 3 days after pollination (3DAP). In the S and WS treatments, plants were shaded with black polypropylene fabric with 50% light penetration during the same period. The plants in CK had normal light and irrigation conditions. The time course of the stress treatments is shown in Supplementary Figure 1. To test whether other environmental factors affected the results, microclimate data were recorded every day during the treatment period at 11:00 AM (Supplementary Table 1). In all groups, ears were bagged with paper bags before silk emergence and hand-pollinated with fresh pollen from control plants at the day of full silk emergence.



Plant Sampling and Measurements

Ears and ear leaves were sampled at 10 AM from plants at three stages: (1) SE, first silk emergence; (2) P, full silk emergence, and (3) 3DAP. Samples were collected from six maize plants in each group (CK, W, S, and WS) at the three stages (i.e., six biological replicates per treatment at each sampling time). Ear leaves were sampled with a hole punch, at the middle position, and the samples were frozen in liquid nitrogen. The ear was then dissected, and the ear length and the fresh weights of the husks, peduncles, ears, and silks were measured immediately. Silks were sampled from positions 30–45 along the ear rows, and the sampled silks were directly frozen in liquid nitrogen. The ovaries were sampled from positions 30–45 along each side of the ear rows. The total weight was divided by 32 to obtain the fresh ovary weight, then the ovaries were frozen in liquid nitrogen. The sampled leaves, ovaries, and silks were stored at −80°C until further analyses. The length and number of emerged silks were determined at 6.00 PM from SE until the day that silks stopped growing. The length of newly emerged silks extending from bract was measured on the first day of silk emergence at 6 PM, then the emerged silks were cut from the apex of the bracts, and the length of the newly emerged silks on the same plants was recorded at the same time the next day (SE1). This procedure was repeated until no more silks extended from the bract. The silk traits were measured on unpollinated plants. Yield data were calculated from the weight of dry seeds at the fully ripe stage.



Dry Matter Accumulation and Proportion of Biomass Allocated to Ears

Three representative plants were collected at SE, P, and 3DAP, and separated into shoots, roots, and ears. These samples were oven-dried to constant weight at 80°C in a forced draft oven and then weighed. The PBE was calculated as follows: ear dry weight ÷ shoot dry weight.



Photosynthesis Measurements and SPAD Chlorophyll Value

A portable photosynthesis system (Li-6400XT, LI-COR, Lincoln, NE, United States) was used to measure the net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci). These measurements were conducted on the ear leaf of four different plants between 11.00 AM and 2.00 PM for plants in CK and all treatment groups at SE, P, and 3DAP. The settings were as follows: Ref CO2: 400 μmol mol–1, photosynthetically active radiation: 1400 μmol m–2 s–1 for the CK and W groups, and 700 μmol m–2 s–1 for the S and WS groups. The chlorophyll SPAD value was measured on the ear leaf at SE, P, and 3DAP in six randomly selected plants per treatment using a portable chlorophyll meter.



Determination of Sugar Contents

Three biological replicates were randomly selected from leaf, ovary, and silk samples. The samples were ground in liquid nitrogen, and then 100 mg ground tissue was used for the determination of sugar contents. Sucrose, glucose, and fructose contents in ethanolic extracts were determined as described by Hendriks et al. (2003). Starch was extracted from the pellets of the ethanol extracts. The pellets were solubilized in 0.1 M NaOH by heating to 95°C for 30 min, and then starch was quantified by measuring the amount of glucose released via hydrolysis.



Measurement of Enzyme Activities and H2O2 Content

Three biological replicates were randomly selected from leaf, ovary, and silk samples. The samples were ground in liquid nitrogen and then 10 mg ground tissue was used for the determination of enzyme activities. Then extracts were prepared as described by Zinselmeier et al. (1999). The activity of SPS was measured according to the method described by Gibon et al. (2009). The activities of CWI and VI were measured as described by Wang et al. (2010). The activity of SuSy was determined as described by Ruan et al. (2003).

To determine H2O2 content, 100-mg samples of leaves, ovaries, and silks, were ground in liquid nitrogen, homogenized in an ice bath with 1 mL 0.1% v/v trichloroacetic acid, and then centrifuged at 12,000 × g at 4°C for 15 min. A 500 μL aliquot of the supernatant was added to 0.5 mL 10 mM potassium phosphate buffer (pH 7.0) and 1 mL 1 M KI, then H2O2 was quantified as described by Velikova et al. (2000).



Quasi-Targeted Metabolomic Analyses

Quasi-targeted metabolomics analyses was performed by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). Samples of leaves, ovaries, and silks (100 mg) were individually ground with liquid nitrogen. The homogenate was mixed with 500 μL 80% prechilled methanol and 0.1% formic acid by vortexing. The samples were incubated on ice for 5 min and then centrifuged at 15,000 × g at 4°C for 10 min. An aliquot of the supernatant was diluted to a final concentration of 53% methanol with LC-MS grade water. The samples were subsequently transferred to a fresh Eppendorf tube and then centrifuged at 15,000 × g at 4°C for 20 min. Finally, the supernatant was injected into an LC-MS/MS system for analyses. Detailed methods and procedures including instrument parameters, data acquisition and processing, metabolite identification and quantification, data normalization, and statistical analyses can be found in Supplementary File 1.



Weighted Gene Co-expression Network Analysis

Relationships between compounds in the leaf, ovary, and silks identified in the quasi-targeted metabolomics analyses and agronomic and physiological characteristics, sugar content, and enzyme activities were analyzed using the R package weighted gene co-expression network analysis (WGCNA). The WGCNA was performed according to Langfelder and Horvath (2008). A β-soft power threshold of 12 was selected to ensure that the network satisfied a scale-free topology (R2 > 0.9) based on the linear regression model fitting index obtained from the functions “pickSoftThreshold” operation. Co-expression modules were detected using the function ‘blockwiseModules’ with default settings (minModuleSize, 50; mergeCutHeight, 0.25).



Statistical Analyses

All measurements in this study were conducted with at least three biological replicates. Analysis of variance (ANOVA) and least significant difference (LSD) tests were conducted using SPSS software (Ver. 22.0, IBM Corp., Armonk, NY, United States). Figures were produced with Sigma Plot 14.0. Data presented in bar charts were subjected to one-way ANOVA followed by Duncan’s multiple range test, with statistical significance accepted at P < 0.05. Figures were constructed using PowerPoint and Photoshop (Adobe Photoshop CC 2017) software.



RESULTS


Combined Waterlogging and Shading Impaired Maize Growth and Reproduction More Strongly Than Did Waterlogging or Shading

In this study, the commercial maize variety Yuyu22 was subjected to W, S, and WS treatments from tassel emergence until 3DAP, and the plants in CK received normal light and irrigation. The data for maize growth at flowering period and yield are shown in Table 1. Ear FW, ear length, shoot DW, and root DW were measured at SE, P, and 3DAP. The ASI extended from 2.4 d in CK to 3.3 d, 3.6 d, and 4.3 d in the W, S, and WS groups, respectively (Table 1). Ear FW, ear length, shoot DW, and root DW were significantly decreased in all stress groups compared with CK, and were lowest in WS. The KN was reduced by 21%, 36%, and 57% in the W, S, and WS groups, respectively, compared with that in CK, but the 100-grain weight was not affected, showing that the yield loss was due to the reduced KN rather than reduced grain weight. This indicated that a large number of ovaries (before fertilization) or kernels (after fertilization) were aborted in the W, S, and WS treatments. Taken together, these results showed that compared with single W or S treatments, the WS treatment had more serious effects on the growth and reproduction of maize, leading to a higher abortion rate of ovaries/kernels.


TABLE 1. Phenotypes of maize plants in control (CK), waterlogging + shading (WS), waterlogging (W), and shading (S) treatment groups.
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Compared With Single Stresses, Combined Waterlogging and Shading More Strongly Inhibited Photosynthesis and Root Absorption Ability

To explore the effects of the W, S, and WS treatments on photosynthesis and root absorption ability, we measured the Pn, Tr, Ci, Gs, chlorophyll SPAD, and root activity. The Pn value significantly decreased in all treatment groups from SE onward, and the difference in Pn values between the treatment groups and CK gradually became larger over time (Figure 1A). The Pn values were significantly lower in the WS group than in the W and S groups. Root activity was severely inhibited in all treatment groups from SE onward, and was significantly lower in the WS group than in the W or S groups (Figure 1B). The Tr values were lower in the W and WS groups than in the S group (Supplementary Figure 2A). The trends in Tr were similar in the W and WS groups, but the Tr value was lower in the W group than in the WS group at 3DAP. The Ci values were higher in the S group than in CK, and the decline in Ci showed similar trends in the W and WS groups (Supplementary Figure 2B). The changes in Gs were similar to the changes in Tr (Supplementary Figure 2C). The SPAD values were lower in the W and WS groups than in CK, but not significantly different between the S group and CK (Supplementary Figure 2D). The results indicated that photosynthetic characteristics, especially Pn, and root activity were significantly affected by these stress treatments. The values for Pn and root activity were lower in all treatment groups than in CK and were lowest in the WS group. Thus, the WS treatment affected the uptake and assimilation abilities of maize source tissues more strongly than did the W or S treatments.
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FIGURE 1. Photosynthetic rate (A) and root activity (B) of plants in control (CK), waterlogging + shading (WS), waterlogging (W), and shading (S) treatment groups. Photosynthetic rate was taken at start of all treatments (0) and at SE (first silk emergence), P (full silk emergence), and 3DAP (3 days after pollination). Root activity was taken at SE, P, and 3DAP. Data were subjected to one-way ANOVA followed by Duncan’s new multiple range test. Different letters above bars indicate significant differences. Colored asterisks above line chart indicate significant differences between CK and treatment groups, colored asterisks below indicate significant differences between WS and W or S groups. Error bars represent ± SD (n ≥ 4). *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA and t-test).




Ovary and Silk Growth Were More Strongly Inhibited by Combined Waterlogging and Shading Than by Waterlogging or Shading, Resulting in Increased Ovary Abortion

Next, we analyzed various parameters of reproductive organs. The FW of husks, peduncles, and silks were significantly lower in all treatment groups than in CK from SE onward, while the ovary FW was decreased in all treatment groups from P onward (Figures 2A–D). In addition, the FWs of the husk, peduncle, and ovary were significantly lower in the WS group than in the W or S groups from P onward, and the silk FW was significantly lower in the WS group than in the W and S groups from SE onward. The proportion of biomass allocated to the ear (PBE) was significantly lower in all treatment groups than in CK from SE onward, and was decreased by 37%, 53%, and 67% at 3DAP in the W, S, and WS groups, respectively (Figure 2E). The growth conditions and number of emerged silks are crucial factors determining fertilization and KN, so continuous measurements were performed for emerged silks. The total number of emerged silks was significantly lower in the treatment groups than in CK from SE onward. Thus, the final numbers of emerged silks were 21%, 42%, and 53% lower in the W, S, and WS groups, respectively, than in CK (Figure 2F). The length of newly grown emerged silks per day and the overall emerged silk length were significantly lower in the treatment groups than in the control and were lowest in the WS group. The growing period of silks was 7, 5, 4, and 3 days in CK, W, S, and WS groups, respectively (Figures 2G,H). In the treatment groups, the phenotype of the ear was obviously affected, with the most severely affected ears in the WS group (Figures 2I–L). Finally, large-scale ovary abortion concentrated at the ear tip occurred in the treatment groups (Figure 2M). A correlation analysis revealed that the final number of emerged silks was highly consistent with KN (Supplementary Figure 3). Therefore, compared with W or S, WS had more serious effects on ear tissues (including FW, PBE, silk number and elongation). Aborted ovaries were concentrated at the tip ear in all treatment groups, and the final silk number was highly correlated with KN.
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FIGURE 2. Growth status and phenotype of ear in control (CK), waterlogging + shading (WS), waterlogging (W), and shading (S) treatment groups. Husks fresh weight (FW) (A), peduncle FW (B), ovaries FW (from positions 30–45 along the ear rows) (C), silks FW (D), proportion of biomass allocation to ear (PBE) (E), total number of emerged silks every day (F), length of emerged silk from bract every day (G), length of newly emerged silk from bract per day (H). Phenotypes of ears at SE (first silk emergence) (I), P (full silk emergence) (J,L), 3DAP (3 days after pollination) (K) and harvest (M). Data were subjected to one-way ANOVA followed by Duncan’s new multiple range test. Different letters above bars indicate significant differences. Colored asterisks above line chart indicate significant differences between CK and treatment groups, colored asterisks below indicate significant differences between WS and W or S groups. Error bars represent ± SD (n ≥ 4). *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA and t-test).




Differences in Sugar Content and Enzyme Activities in Source and Sink Organs Among Waterlogging, Shading, and Combined Waterlogging and Shading Groups

Next, we determined the effects of the stress treatments on the contents of carbohydrates (sucrose, fructose, glucose, and starch) in leaves and ovaries at SE, P, and 3DAP, and in silks at SE and P. In leaves, sucrose and starch are the major reserve forms of carbohydrates. The sucrose and starch contents in leaves of the W group were similar to, or higher than, those in CK, but their contents were significantly decreased in leaves of the S and WS groups from P onward (Figures 3A–D). The leaf sucrose and starch contents were significantly lower in the WS group than in the W or S groups from P onward. For ovaries, the sugar and starch contents remained stable or increased in the W group (Figures 3E–H). The ovary sugar and starch contents were generally lower in the S and WS groups than in CK from P, except for the sucrose content in ovaries of the S group at 3DAP. Moreover, the ovary sugar and starch contents were significantly lower in the WS group than in the W or S groups from P. For silks, compared with CK, the W group showed significantly higher sucrose and starch contents, and similar fructose and glucose contents (Figures 3I–L). For the S and WS groups, the sugar and starch contents in silks were significantly lower than those in CK from SE. Additionally, the sugar and starch contents in silks were significantly lower in the WS group than in the W and S groups. In general, the sugar and starch contents in source and sink tissues were maintained or increased in the W group, but decreased in the S and WS groups, and were lowest in the WS group.
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FIGURE 3. Changes in the contents of sucrose, fructose, glucose, and starch in leaf (A–D), ovary (E–H) and silk (I–L) at SE (first silk emergence), P (full silk emergence), and 3DAP (3 days after pollination) in control (CK), waterlogging + shading (WS), waterlogging (W), and shading (S) treatment groups. Data were subjected to one-way ANOVA followed by Duncan’s new multiple range test (n = 3). Different letters above bars indicate significant differences (P < 0.05). Error bars represent ± SD.


To assess the effect of the treatments on carbohydrate metabolic enzymes, we determined the activities of SPS, CWI, VI, and SuSy in leaves, ovaries, and silks. For leaves, the SPS and SuSy activities in the W group remained stable or were higher than those in CK, while CWI and VI activities also remained stable until P and decreased at 3DAP (Figures 4A–D). The SPS and SuSy activities in leaves were lower in the S and WS groups than in CK from P, and the CWI and VI activities in leaves were decreased at 3DAP. The SPS and SuSy activities in leaves were significantly lower in the WS group than in the W and S groups. For ovaries, SPS and SuSy activities remained stable in the W group, except that SuSy activity was decreased at 3DAP (Figures 4E,H). In the S and WS groups, the SPS activity in ovaries was lower than that in CK from SE, and the SuSy activity decreased from P. At 3DAP, the activities of CWI and VI in ovaries were decreased in all treatment groups, compared with CK, and were lowest in the WS group (Figures 4F,G). For silks, SPS and SuSy activities remained stable in the W group (Figures 4I,L). In the S group, the SPS activity in silks decreased at P. In silks of the WS group, SPS activity was lower than that in CK from SE. The activity of SuSy from SE was lower in the S and WS groups than in CK, and the activities of SPS and SuSy were significantly lower in the WS group than in the W or S groups. The CWI and VI activities in silks were maintained at SE but decreased at P in all treatment groups, compared with CK, and were lowest in the WS group (Figures 4J,K). Overall, SPS and SuSy activities remained stable or were higher in the W group and lower in the S and WS groups than in CK, and the CWI and VI activities in leaves and ovaries were decreased in all the treatment groups at 3DAP, with the lowest activities in the WS group.
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FIGURE 4. Enzyme activities in leaf, ovary, and silks. Activities of sucrose phosphate synthase (SPS), cell wall invertase (CWI), vacuolar invertase (VI), and sucrose synthase (SuSy) in maize leaf (A–D) and ovary (E–H) at SE (first silk emergence), P (full silk emergence), and 3DAP (3 days after pollination). Activities of SPS (I), CWI (J), VI (K), and SuSy (L) in silks at SE and P. Colored asterisks above indicate significant differences between control (CK) and treatment groups (waterlogging + shading, WS; waterlogging, W; shading, S). Colored asterisks below indicate significant differences between WS and W or S groups. Error bars represent ± SD. (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA and t-test).




Quasi-Targeted Metabolomics Analyses of Leaves, Ovaries, and Silks Among Waterlogging, Shading, and Combined Waterlogging and Shading Groups

To further analyze the metabolic changes in response to the W, S, and WS treatments, quasi-targeted metabolomics analyses were performed for maize leaves, ovaries, and silks. A total of 430 metabolites were detected in leaves, ovaries, and silks (Supplementary File 2). PCA were performed for metabolites in all tissues and each tissue (Figures 5A–C and Supplementary Figure 4). The results confirmed a high level of repeatability and revealed tissue-specific accumulation patterns of metabolites. Based on the KEGG analyses, the 430 metabolites were mapped to 13 pathways, most of which were related to organic acids, amino acids, carbohydrates, and nucleotides (Supplementary Figure 5).
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FIGURE 5. Principal component analyses (PCA) and Venn diagrams showing results of metabolomics analyses. PCA of metabolites in leaves (A), ovaries (B), and silks (C). Venn diagrams showing overlapping of differentially accumulated metabolites in different tissues (D) and overlapping of differentially accumulated metabolites in leaves (E), ovaries (F), and silks (G) in control (CK) and waterlogging + shading (WS), waterlogging (W), and shading (S) treatment groups. L (leaf), O (ovary), S (silk).


In total, 350, 292, and 231 DAMs were detected for all treatments in leaves, ovaries, and silks, respectively (Figure 5D). Of them, 169 DAMs overlapped among the three tissues, while 66, 19, and 7 accumulated specifically in leaves, ovaries, and silks, respectively. In leaves, 189, 207, and 216 DAMs were identified in the W, S, and WS groups, respectively, compared with CK (Figure 5E); and 198 and 189 DAMs were identified in the W and S groups, respectively, compared with the WS group. In ovaries, 124, 171, and 199 DAMs were identified in the W, S, and WS groups, respectively, compared with CK (Figure 5F); and 203 and 141 DAMs were identified in the W and S groups, respectively, compared with the WS group. In silks, 60, 124, and 153 DAMs were identified in the W, S, and WS groups, respectively, compared with CK (Figure 5G); and 145 and 127 DAMs were identified in the W and S groups, respectively, compared with the WS group. Therefore, the patterns of metabolite accumulation differed among leaves, ovaries, and silks. The largest number of DAMs was in the WS group, consistent with the more serious negative effects of the WS treatment than the W or S treatments alone.



Identification of Metabolites Closely Related to Ovarian Abortion by Weighted Gene Co-expression Network Analysis of Leaves, Ovaries, and Silks by Waterlogging, Shading, and Combined Waterlogging and Shading Treatments

To investigate which metabolites were related to agronomic and physiological traits under the different treatments during the flowering stage, metabolic data were subjected to WGCNA. The 430 metabolites were assigned to six co-expression modules with different colors (yellow, blue, green, turquoise, brown, and red) (Supplementary Figure 6 and Supplementary File 2).

To explore the potential functions of each module, we determined correlations between each module and yield and physiological changes. The yellow module was negatively correlated with GY (−0.44), KN (−0.47), Pn (−0.53), silk number (−0.25), PBE (−0.22), cond. (−0.28), Tr (−0.27), and root activity (−0.31), and positively correlated with ASI (0.31) (Figure 6A). The red module was positively correlated with GY (0.22), KN (0.22), and silk number (0.25). The results showed that the yellow, blue, and green modules had strong positive correlations with ovary parameters; the turquoise module had a strong positive correlation with leaf parameters; and the brown and red modules had strong positive correlations with silk parameters (Figure 6B), indicating that the different modules represented special expression patterns in ovaries, silks, and ovaries. The blue, green, turquoise, and brown modules had no significant correlations with yield, but they showed strong correlations with some other physiological traits (Figure 6). We detected strong positive correlations between the blue module and starch content (0.79); and between the green module and ovary FW (0.47) and glucose content (0.59). The turquoise module had a strong positive correlation with sucrose content (0.65), and negative correlations with fructose content (−0.88), glucose content (−0.95), and VI activity (−0.61). The brown module had positive correlations with fructose content (0.57), CWI activity (0.91), and VI activity (0.72), and a negative correlation with sucrose content (−0.79).
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FIGURE 6. Heat map and Pearson’s correlations with between modules and agronomic and physiological traits (A), organs or treatments (B), sugar contents (C), and enzymatic activity (D). Gray modules represent metabolites that cannot be categorized.


Next, eigengene expression analyses of the yellow and red module showed that the accumulation pattern of metabolites in these modules showed strong tissue-specific trends (Supplementary Figure 7). The metabolites in the yellow module showed increased contents in the ovaries in the treatment groups compared with CK, with the highest relative contents in the WS group (Supplementary Figure 7A). The metabolites in the red module showed lower contents in the silks of treatment groups, especially WS, than in silks of CK (Supplementary Figure 7B). This accumulation pattern was most pronounced at P. The yellow module contained 27 metabolites, most of which were amino acids and their derivatives including BCAAs (leucine, isoleucine, and valine), tryptophan, histidine, and alanine (Supplementary File 2). The red module contained 11 metabolites, mainly flavonoids, include quercetin and diosmetin.

We conducted correlation analyses to determine whether the metabolites from the yellow module in ovaries or from the red module in silks were related to any of the main agronomic and physiological traits (Figure 7). The majority of metabolites from the yellow module in ovaries had strong negative correlations with GY (< −0.6), KN (< −0.65), Pn (< −0.7), and root activity (< −0.5), but positive correlations with ASI (> 0.45) (Figure 7A). The majority of metabolites from the red module in silks showed strong positive correlations with GY (>0.5), KN (>0.5), ovary FW (>0.8), silk FW (>0.8), silk number (>0.8), and PBE (>0.8) (Figure 7B). In conclusion, the accumulation patterns of metabolites in the yellow module in ovaries were strong positively correlated with ovary abortion, while the accumulation patterns of metabolites in the red module in silks were strongly negatively correlated with ovary abortion.
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FIGURE 7. Correlation coefficient matrix of metabolites from yellow module whose accumulation patterns in ovary correlate with agronomic and source strength traits (A). Correlation coefficient matrix of metabolites from red module whose accumulation patterns in silk correlate with agronomic and source strength traits (B). Blue fill color, significant negative correlation; red fill color, significant positive correlation (P < 0.05); white fill color, P ≥ 0.05.




Effects of Waterlogging, Shading, and Combined Waterlogging and Shading Treatments on Amino Acid and Carbohydrate Metabolic Pathways

The W, S, and WS treatments had different effects on amino acid and carbohydrate metabolism in leaves, ovaries, and silks. The affected pathways included glycolysis, pentose phosphate pathway, the TCA cycle, glutathione metabolism, urea cycle, and the MET salvage pathway.

In leaves, the effects of the WS and S treatments on glycolysis intermediate metabolites were different from the effects of the W treatment. Specifically, 3-phosphoglycerate and phosphoglycerate (PEP) were significantly less abundant in the W group than in CK, while PEP and fructose-1,6-P (fructose-1,6-phosphate) showed increasing trends in the S and WS groups, and the pyruvate content decreased in S and WS groups but remained stable in the W group (Supplementary Figure 8). Compared with the W treatment, the S treatment had the opposite effect on the pentose phosphate pathway. For example, the contents of ribulose-5P (ribulose-5-phosphate), ribose-5P (ribose-5-phosphate), and glyceraldehyde-3P (glyceraldehyde-3-phosphate) were decreased in the W group and increased in the S group. The TCA cycle was differently affected by the W, S, and WS treatments. Compared with CK, the W treatment resulted in decreased contents of malate, fumarate and α-ketoglutarate at SE, increased fumarate content at P, and decreased succinate content at 3DAP. Compared with CK, the S treatment resulted in decreased isoleucine content at SE; and the WS treatment resulted in decreased isoleucine, α-ketoglutarate, and succinate contents at SE, but increased α-ketoglutarate, fumarate, and malate contents at 3DAP. In terms of glutathione metabolism, the contents of glutamate and 5-oxoproline were decreased in the W group, but almost unaffected in the S and WS groups. The accumulation of citrulline in the urea cycle was significantly down-regulated in all treatment groups, the asparagine and ornithine were down-regulated in W and S groups but up-regulated in the WS group. The MET salvage pathway intermediates were almost unaffected by the three treatments. In addition, the three stress treatments significantly affected multiple amino acids related to these metabolic pathways, especially BCAAs, whose biosynthesis and degradation are related to glycolysis and the TCA cycle. The contents of BCAAs were increased in the S and WS groups at SE and P, but decreased at 3DAP in the W and S groups. All stress treatments resulted in decreased contents of serine, alanine, and glutamine. In general, our treatments changed the metabolic networks in leaves. The WS and S treatments had similar effects on many metabolites, but the effects of the W treatment were different.

In ovaries, the stress treatments had little effect on intermediate metabolites in glycolysis and the pentose phosphate pathways, but all treatments down-regulated pyruvate (Figure 8). In the TCA cycle, isoleucine, α-ketoglutarate, and malate were significantly down-regulated in all treatment groups, and α-ketoglutarate and malate accumulated to significantly lower levels in the WS group than in the W and S groups. Although the treatments had limited effects on glutathione metabolism, 5-oxoproline was down-regulated in the WS group. In the urea cycle, ornithine and asparagine were down-regulated in the W group but up-regulated in the S and WS groups, and to significantly higher levels in the WS group than in the W and S groups. Citrulline was down-regulated in the S and WS groups but remained at a constant level in the W group. In the MET salvage pathway, the S-adenosylmethionine content was down-regulated in the WS group, but not affected in the W and S groups. Likewise, most amino acids related to glycolysis and the TCA cycle were up-regulated in all treatment groups. These amino acids, which included BCAAs, tryptophan, arginine, and alanine, accumulated to significantly higher levels in the WS group than in the W and S groups. All the treatments affected the metabolic network in the ovary by decreasing the contents of TCA cycle intermediates and increasing the contents of some amino acids. These effects were most severe in the WS group.
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FIGURE 8. Differences in metabolites involved in carbohydrate and amino acid metabolism in ovaries affected by waterlogging + shading (WS), waterlogging (W), and shading (S) treatment at SE (first silk emergence), P (full silk emergence) and 3DAP (3 days after pollination). Grids next to each metabolite represent accumulation of corresponding metabolites in the W, S, and WS groups at each time point. Colors correspond to the significance of the change in accumulation. Light red: more abundant than in control (P < 0.05). Deep red: more abundant than in control, W, and S (P < 0.05). Light green: less abundant than in control (P < 0.05). Deep green: less abundant than in control, W, and S (P < 0.05). Light gray: no significant difference compared with control.


In silks, glycolysis and the pentose phosphate pathway, fructose-1,6-P, glucose-6-P (glucose-6-phosphate), PEP, and erythrose-4-P (erythrose-4-phosphate) were up-regulated in the S and WS groups. Both PEP and erythrose-4-P accumulated to higher levels in the WS group than in the W and S groups (Supplementary Figure 9). In terms of components of the TCA cycle, compared with CK, all treatment groups showed decreased contents of α-ketoglutarate; the S and WS groups showed decreased contents of isocitrate and increased contents of fumarate; and the malate content was decreased in the W group but increased in the S group. Glutamate, which is involved in glutathione metabolism, was down-regulated in the S group. In the urea cycle, citrulline was up-regulated in the W group but down-regulated in the S and WS groups, and ornithine and asparagine were up-regulated in the WS group. In the MET salvage pathway, MET was up-regulated in the S and WS groups, and S-adenosylmethionine was down-regulated in the WS group. In addition, the related amino acids were up-regulated in the S and WS groups. In particular, some amino acids, including BCAAs, tryptophan, histidine, and MET sulfone, accumulated to higher levels in the WS group than in the W and S groups. The W treatment had little effect on these metabolic pathways in silks, but the effects of the S and WS treatments on amino acid metabolism in silks were similar to those in ovaries.



Effect of Waterlogging, Shading, and Combined Waterlogging and Shading Treatments on H2O2 Content

To explore the effect of WS on maize antioxidant capacity, the H2O2 content was measured in leaves, ovaries, and silks. The results showed that H2O2 accumulated during the stress treatments in the W, S, and WS groups (Figure 9). At 3DAP, the H2O2 content in the W, S, and WS groups was 57.36%, 21.29%, and 36.8% higher than that in CK, respectively (Figure 9A). In ovaries, the H2O2 content was 74.23%, 96.14%, and 168.28% higher than that in CK, respectively (Figure 9B). At P, the H2O2 content in the silks in the W, S, and WS groups was 24.69%, 42.6%, and 67.98% higher than that in CK, respectively (Figure 9C). In conclusion, compared with the W or S groups, the WS group had higher H2O2 contents in ovaries and silks. The H2O2 content in leaves was lower in the WS group than in the W group.
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FIGURE 9. H2O2 contents in leaf (A), ovary (B), and silks (C) at SE (first silk emergence), P (full silk emergence), and 3DAP (3 days after pollination) in control (CK), waterlogging + shading (WS), waterlogging (W), and shading (S) treatment groups. Data were subjected to one-way ANOVA followed by Duncan’s new multiple range test (n = 3). Different letters above bars indicate significant differences (P < 0.05). Error bars represent ± SD.




DISCUSSION

In the North China Plain, combined waterlogging and shading severely affect maize yield, especially when these conditions occur around the flowering stage. However, most previous studies have focused on single waterlogging or shading stresses. Our results show that WS during flowering had stronger negative effects than did either stress alone, leading to greater ovary abortion. The observed ovary abortion was caused by the growth inhibition of ovaries and silks at the ear tip, which decreased the number of emerging silks, but this was independent of the carbon status. Our results also show that ovary abortion was closely related to specific amino acids and flavonoid metabolites in the ovaries and silks that are involved in energy metabolism and antioxidant capacity.


Compared With Waterlogging and Shading, Combined Waterlogging and Shading More Severely Inhibited Ovary and Silk Growth at the Ear Tip, Resulting in a Higher Ovary Abortion Rate

Consistent with previous studies on the effects of waterlogging and shading (Ren et al., 2016a, b; Gao et al., 2017, 2020), all the treatments in our study decreased the photosynthetic rate and root activity of maize, and these effects were stronger in the WS group than in the W and S groups (Figure 1). Unlike other crops, such as wheat and soybean, maize shows non-constant biomass partitioning to the ear (Miralles et al., 1998; Rotundo et al., 2012). In a previous study, when the biomass of maize was decreased, the range of the decrease in PBE was much larger than the range of the decrease in plant biomass, and this characteristic was related to ovary abortion (Borrás and Vitantonio-Mazzini, 2018). In our study, therefore, the PBE was not just significantly lower in all the treatment groups than in CK (Figure 2E), but was lower in the WS group than in the W and S groups. This indicated that the WS treatment more seriously inhibited ear growth than did the W or S treatments. Thus, compared with the W and S treatments, the WS treatment had a greater impact on the source intensity and biomass allocation capacity of maize.

Previous studies have shown that the silks emerge from the ovaries at the base of the ear first, and from those at the tip of the ear last (Oury et al., 2016b), and that there is lower availability of assimilates to ovaries at the ear tip than at the ear base (Shen et al., 2018). Drought stress seriously affected the silk elongation of maize, which resulted silks at the ear tip or all locations could not extended from the bracts (Oury et al., 2016b; Danilevskaya et al., 2019). In all treatment groups in our study, the growth of ovaries and silks located the ear tip was strongly inhibited, and the aborted ovaries were concentrated at the ear tip (Figure 2). In addition, the final number of emerged silks was highly consistent with KN (Supplementary Figure 3). This indicated that in the W, S, and WS groups, many silks located at the ear tip failed to extend from the bracts, thus, many apical ovaries were not fertilized at pollination in the treatment groups. Therefore, W, S, and WS treatments at the flowering stage inhibited the growth of ovaries and silks at the tip ear, reduced the number of emerged silks, and resulted in a large number of ovaries remaining unfertilized at the ear tip, leading to abortion. This situation was more serious in the WS group than in the W and S groups.



Changes in Carbon Status Caused by Waterlogging, Shading, and Combined Waterlogging and Shading Treatments During Flowering Could Not Explain Ovary Abortion

In our study, ovary abortion occurred whether the sugar content in leaves, ovaries, and silks decreased, stayed the same, or increased in the treatment groups. The sugar content decreased in the S group (Figure 3), consistent with previous studies (Liang et al., 2020; Wu et al., 2021). Few previous studies have investigated changes in sugar contents in maize under waterlogging or combined waterlogging and shading conditions during the flowering period. In our study, the sugar content was maintained or increased in the W treatment and decreased in the S and WS treatments, and the lowest sugar level was in the WS group. This suggested that the effect of WS on sugar content was mainly because of shading, but the decrease in sugar content was exacerbated by waterlogging. Although a previous study showed that sucrose feeding reverses kernel losses under shading stress, this effect is due to increased kernel weight, not increased KN (Hiyane et al., 2010). Like previous studies on the effects of drought or salt stress around the flowering time (Henry et al., 2015; Cagnola et al., 2018), we found that the W treatment resulted in ovary abortion even though the sugar status was maintained or increased.

Previous studies have obtained inconsistent results in terms of the correlation between invertase activity and ovary abortion in ovaries, and this may be related to the stage when treatments are applied. Changes in CWI activity under drought stress were found to be related to ovary abortion in some studies (Boyer, 2004; McLaughlin and Boyer, 2004; Chen et al., 2019), but their treatments began after silks emerged from the bracts and there were no data for silk growth. In another study, the CWI activity changed in both basal and apical ovaries of maize under a moderate drought treatment, but ovary abortion only occurred in apical ovaries (Oury et al., 2016a); that treatment began before silk emergence and decreased the number of emerged silks. The latest research suggests that the reason for ovary/kernel abortion under drought conditions varies depending on the phenological stage of development, i.e., whether the drought stress occurs at the pre- or postpollination phase (Turc and Tardieu, 2018; Shen et al., 2020). Moreover, a recent study on delayed pollination of maize ears showed that the abortion of the apical kernels under synchronous pollination conditions was not triggered by low CWI activity (Shen et al., 2018). In our study, although the CWI and VI activities decreased in ovaries at 3DAP (Figures 4F,G), many apical ovaries were not fertilized at pollination because of the decreased number of emerged silks. Therefore, the apical ovaries may already have been aborted at 3DAP, because the fertilization of basal (oldest) ovaries is sufficient to stop the development of apical (younger) ovaries and cause their abortion (Turc and Tardieu, 2018). The decrease of CWI and VI activities in ovaries at 3DAP may be the result of this event. Hence, we concluded that the changes in CWI and VI activities were not the cause of ovary abortion in the W, S and WS groups at the flowering stage.

In a previous study, ovary abortion related to carbon status occurred with a random distribution along the ear under drought stress, whether or not sucrose feeding was performed (McLaughlin and Boyer, 2004), but in our study, the aborted ovaries were concentrated at the ear tip (Figure 2M). As discussed above, we consider that the changes in carbon status could not explain ovary abortion in the W, S, and WS treatments at the flowering period.



Combined Waterlogging and Shading Induced Changes in Carbohydrate Metabolism and Tricarboxylic Acid Cycle, Especially in Ovaries

Carbohydrate metabolism and the TCA cycle are important metabolic pathways that are affected by abiotic stress (Yang et al., 2018; Gao et al., 2020). The W, S, and WS treatments reduced the contents of several intermediates of glycolysis in ovaries (Figure 8), indicative of a reduced supply of these intermediates for amino acid metabolism. Gluconate-6P, a component of the pentose phosphate pathway, is critical for NADPH production. The amount of gluconate-6P in the ovaries was lower in the WS group than in the W and S groups, suggesting that the antioxidant capacity of the ovaries was more severely affected in the WS group than in the W and S groups. The TCA cycle is a hub that links carbohydrate, amino acid, and lipid metabolism, and several of its intermediates were less abundant in the ovaries in the W, S, and WS groups than in CK. The lowest levels were in the WS group, indicating that WS inhibited energy metabolism in ovaries more seriously than did each single stress. Together, these results show that, compared with the single stresses, WS more strongly inhibited energy metabolism and decreased the antioxidant capacity in ovaries, consistent with the growth status.

The S and WS treatments had similar effects on carbohydrate metabolism in silks, but some intermediate metabolites were more strongly affected by the WS treatment than the S treatment (Supplementary Figure 9). The abundance of gluconate-6P only decreased in the WS group, suggesting that the antioxidant capacity of silks was more severely affected by the WS treatment than by the single stress treatments. Waterlogging alone had little effect on carbohydrate metabolism in silks, but it inhibited energy metabolism. The TCA cycle in silks may not have been seriously inhibited by the S and WS treatments because of complementary changes in metabolite contents.

In leaves, the effects of S and WS on glycolysis and the pentose phosphate pathway were opposite to those of W, and some intermediate metabolites were up-regulated in the S and WS groups but down-regulated in the W group (Supplementary Figure 8). The W and WS treatments led to complementary changes in the contents of different metabolites in the TCA cycle in leaves, while the S treatment only led to the down-regulation of isoleucine at SE. These results indicate that the TCA cycle of leaves was less affected by these treatments.



Effect of Combined Waterlogging and Shading on Amino Acid Metabolism in Ovaries Was Related to Abortion

Amino acid metabolism plays an important role in defense, signaling, and other processes. Compared with single stresses, WS stress more severely affected ovary amino acid metabolism. The biosynthesis and degradation of BCAAs, serine, tryptophan, and alanine are related to glycolysis or the TCA cycle. These compounds accumulated in the ovary in the W, S, and WS groups, and to the highest levels in the WS group (Figure 8). In plants, the levels of free amino acids, including BCAAs, increase in response to various abiotic stresses via either de novo synthesis or protein degradation (Galili et al., 2016; Batista Silva et al., 2019). Several studies have shown that, although the proline content increases in response to stress, there are often larger increases in the contents of other amino acids, especially BCAAs (Joshi et al., 2010; Sun et al., 2016; Huang and Jander, 2017). Extensive BCAAs accumulation in response to abiotic stress has been observed in rice, maize, and Arabidopsis (Virlouvet et al., 2011; Huang and Jander, 2017; Maksym et al., 2018; Sun et al., 2020). Alanine and tryptophan levels have been shown to increase under stresses (Pavlík et al., 2010a, b; Fu et al., 2018; Wang et al., 2019), an increased alanine level may be an indicator of unbalanced nitrogen nutrition (Atanasova, 2008). Therefore, many plants respond to abiotic stress by increasing the levels of these amino acids, especially BCAAs. Among all the treatments in this study, the WS treatment had the strongest effect on amino acid contents in the ovaries. However, the excessive accumulation of these amino acids may be detrimental to plant growth and development. Huang and Jander (2017) found that protein degradation led to the accumulation of BCAAs in Arabidopsis under drought stress. ZmASR1-overexpressing maize plants showed increased yields and KN under drought stress, and this may have been related to the decreased BCAAs contents and altered transcript levels of BCAAs-related genes (Virlouvet et al., 2011). Therefore, in our study, the stronger inhibition of energy metabolism in the ovary in the WS group may be related to the overaccumulation of these amino acids, especially BCAAs.

Components of glutathione metabolism such as 5-oxoproline showed decreased levels in the ovary in the WS group, suggesting that this treatment impaired the ability to repair oxidative damage. Trans-3-hydroxy-l-proline is an intermediate of proline metabolism that is present in the plant cell wall. In animal cells, this compound can scavenge ROS (Hu et al., 2021). In this study, its accumulation pattern was the same as that of BCAAs. The C/N balance is important to sustain the optimal growth and development of plants (Zheng, 2009; Zhang et al., 2019; Dong et al., 2020). The urea cycle plays an important role for maintaining the C/N balance. Compared with the S and WS treatments, the W treatment had a stronger effect on the urea cycle. This is because the decrease in citrulline in the S and WS groups was offset by the accumulation of ornithine and asparagine. This suggested that the C/N balance was better maintained in the S and WS groups than in the W group. Furthermore, this suggests that S treatment can mitigate the effects of W treatment in terms of the C/N balance in ovaries. The MET salvage pathway plays an important role in plant stress response. An intermediate of this pathway, S-adenosyl-methionine (SAM), can improve the tolerance of Arabidopsis to abiotic stress and H2O2 (Ezaki et al., 2016; Ma et al., 2017). In this study, the SAM levels in the ovary declined in the WS group, indicative of a decrease in tolerance. Protein-bound MET and free MET can be oxidized by ROS into MET sulfone (Simonović and Anderson, 2007). MET sulfone accumulated in the S and WS groups, and to higher levels in the WS group than in the W and S groups. This indicated that ROS accumulated to the highest levels in WS group ovaries, consistent with the H2O2 content (Figure 9B). Furthermore, the WGCNA analysis showed that the accumulation pattern of these amino acids (BCAAs, tryptophan, alanine, histidine, trans-3-hydroxy-L-proline, and MET sulfone) in ovaries was strongly positively correlated with ovary abortion. In summary, compared with single stresses, WS stress results in more energy allocated to the synthesis of stress-related amino acids in the ovary, but this leads to decreased energy metabolism and a decreased antioxidant capacity, overaccumulation of H2O2, and ultimately, ovary abortion.

Amino acid metabolism in silks and ovaries was similarly affected by the S and WS treatments, but less affected by the W treatment (Supplementary Figure 9). The effects on amino acid metabolism in leaves were different from those in ovaries. Compared with the S treatment, the WS treatment did not cause greater accumulation on amino acids in leaves, while the W treatment resulted in down-regulation of amino acids in leaves. The contents of these amino acids, especially glutamate and 5-oxoproline metabolized from glutathione, were decreased in the W group but maintained in the S and WS groups. This not only indicated that the W treatment might have decreased the antioxidant capacity of leaves, but also suggested that the S treatment could alleviate this decline, consistent with the H2O2 content (Figure 9A).



Relationship Between Ovary Abortion and Decreased Contents of Some Flavonoids in Silks in Combined Waterlogging and Shading Treatment

Flavonoids exhibit diverse biological functions and they control key steps in cell differentiation and growth, but their metabolic pathways are unclear. Despite the controversy, Agati et al. (2012, 2020) think they are involved in the regulation of development at the tissue scale and the whole-plant scale, and this is attributed to their antioxidant properties. The flavonoid quercetin is known to affect plant growth during cold acclimation, and was shown to regulate primary root growth in rice (Fritz et al., 2007; Xu et al., 2019). Quercetin functions as an antioxidant to scavenge ROS. Some studies have detected an inverse relationship between flavonol content and ROS content (Watkins et al., 2017; Peng et al., 2019). Diosmetin is also an important antioxidant in the response to environmental stresses (Bazghaleh et al., 2018; Xie et al., 2021). The WGCNA analysis showed that the decreased contents of 11 specific metabolites (mainly flavonoids including quercetin and diosmetin) in silks was highly positively correlated with KN, silk FW, and silk number (Figure 8B). Their accumulation patterns in silks were similar to the changes in H2O2 content (Supplementary Figure 7B and Figure 9C). Our results indicate that the decreased contents of these flavonoids affected KN by inhibiting silk growth, and this may be related to their antioxidant properties. Thus, flavonoids metabolites may play an important role in maintaining the growth of silks in maize under abiotic stress.

This is the first report on the key phenotypic, physiological, and metabolic characteristics of WS at the flowering stage leading to ovary abortion. One of the limitations of this study is that we focused on the effects of the W, S, and WS stresses at the flowering stage. Further studies are required to explore the responses of maize plants at other developmental stages to combined stresses. Another limitation is that the role of these metabolites in relation to ovary abortion has not been verified by genome editing methods.



CONCLUSION

Analyses of agronomic and physiological characteristics and quasi-targeted metabolomics analyses of maize leaves, ovaries, and silks have provided novel insights into the causes of ovary abortion in maize plants subjected to W, S, and WS treatments during the flowering period. Compared with W or S stresses alone, the WS treatment had more serious effects on the growth and reproduction of maize, resulting in a reduced source capacity, and increased ovary abortion. Compared with the single stresses, WS increased ovary abortion. This was not due to the change in carbon status, but was related to three factors: (1) a decrease in the number of emergent silks; (2) excessive resources diverted into the biosynthesis of stress-related amino acids in ovaries, leading to decreased energy metabolism and a lower antioxidant capacity that led to overaccumulation of H2O2; (3) decreased concentrations of specific flavonoids with antioxidant properties in silks, resulting in H2O2 accumulation.

The results of this study provide the basis for further research on how maize responds to W, S, and WS stresses during flowering. Our results also identify target traits for breeding, such as silk growth status, amino acids and flavonoid metabolite contents in ovaries and silks, and antioxidant capacity. In addition, the metabolites closely related to abortion, such as BCAAs, alanine, quercetin, diosmetin, and other metabolites, are potential targets for genome editing and other biotechnological strategies to improve maize yield.
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Treatment Stage ASI Ear FW Ear length Shoot DW Root DW Kernel number (per ear)  100-grain weight (g)

d G cm g g g
CK SE 243+05 17.28 £3.35 11.75+£0.86 14322 +533 21.52+0.46 687.67 + 22.27 25.71 £ 0.95
P 60.37 + 2.76 17.3+0.34 166.88+1.29 24.43+0.43
3DAP 159.67 £18.11 21.15+£0.68 185.11 £3.08 27.9+0.67
W SE 3.3+ 0.71 15.45 £ 1.08 1112+ 041 12588 +2.48 21.22+0.49 544.22 + 31.34 25.96 +£ 0.93
P 49.38 + 4.83 15.37 £ 046  141.64 £ 3.3 22.86+0.19
3DAP 136.46 + 543 18.93+0.78 161.83+3.17 25.61 + 0.31
S SE 3.6 + 1.01 11.89 + 0.93 9.92+048 115.91 +£3.34 20.36 + 0.33 437.89 + 28.59 26.06 + 0.68
P 36.35 + 5.11 14.57 £ 0.93 123.12+2.06 22.53 + 0.47
3DAP 70.12 + 3.36 16.52 + 0.39 135.65+ 1.76 25 + 0.56
WS SE 4.26 + 1.08 11.19 + 1.57 9.73+ 0.5 106.19 + 1.18 19.77 £ 0.23 292.44 + 15.36 26.25 + 1.00
P 17.61 + 4.94 11.38 + 0.87 112.65+3.78 21.43 + 0.41
3DAP 51.76 + 3.52 12.87 +1.41 123.79+2.76 22.48 + 0.44
n 38-44 6 6 3 3 9 9

For ear FW (fresh weight), ear length, shoot DW (dry weight), and root DW, developmental stage is precise. Kernel number and 100-grain weight were measured
at maturity. Values in bold are significantly different from the control (P < 0.05), underlined values are significantly different from the single waterlogging and shading
treatment (P < 0.05). Values are means + SD.

ASI (anthesis silking interval), SE (first silk emergence), P (full silk emergence), 3SDAP (3 days after pollination).
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