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Abstract

:

Identification of corn hybrids that can withstand wet soil conditions is one approach to prevent crop production losses from abiotic stress caused by excessive soil moisture during early spring season in the midwestern United States. A greenhouse pot experiment was conducted in 2013 to screen and identify corn hybrids tolerant or susceptible to soil waterlogging at the V2 growth stage. The main plots included waterlogging durations: no waterlogging; 14-day waterlogging and then allowing recovery from waterlogging stress for 7 days; and 21-day waterlogging. Subplots included eight commercial corn hybrids. The shoot and root biomass, plant height, stomatal conductance, and chlorophyll meter readings were decreased due to waterlogging for 14 days and 21 days. Hybrid #2 appeared to be more tolerant to waterlogging as evidenced by greater growth and higher stomatal conductance and chlorophyll meter readings on newer leaves under waterlogged conditions. Hybrid #5 and Hybrid #8 were more susceptible to waterlogging than other hybrids. Large variability occurred among corn hybrids in response to soil waterlogging durations. Beneficial effects of improved soil conditions after excess water removal from 14-day waterlogged pots were not seen in this experiment, probably due to the short recovery time period between the excess water removal and experiment termination.
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1. Introduction


Waterlogging stress resulting from excessive soil moisture conditions caused by either extreme precipitation events or poor drainage often limits corn production and N uptake as soil N losses increases under waterlogged conditions. There are approximately 4 million hectares of poorly drained claypan soils in Missouri, Kansas, and Illinois, which may contribute to waterlogging in the top soil layers after rainfall events [1,2]. The argillic horizon in claypan soils can have clay content greater than 460 g kg−1, which reduces the permeability of the soil [1]. The perched water table resulting from the low hydraulic conductivity of claypan soils makes them more susceptible to N losses [3]. Temporarily waterlogged soil conditions causing crop production losses is a persistent problem in Missouri [4,5]. Crop losses due to flooding or excess water are second only to drought in the Unites States in the past 12 years [6]. There is a higher probability of flooding in the future, which may cause significantly higher crop production losses [7].



Crop injury due to soil waterlogging or flooding is caused by the lack of oxygen in the root zone associated with anoxic or hypoxic conditions. The main metabolic process of plants affected by excessive soil moisture in the root zone is respiration. Absence of oxygen causes plants to undergo a fermentation process as a rescue mechanism that produces only 3 ATP molecules compared to 39 ATP molecules through respiration of hexose [8,9]. Fermentation also results in lowered cytosolic pH, induction of glycolysis, and accumulation of lactate and ethanol. Oxygen deficiency and presence of phytotoxins reduce root growth and formation and promote root decay. Waterlogging for six days significantly decreased root length, root length density, and the number of root tips compared to those of the control in corn plants at the V3, V6, and 10 days after VT growth stages [10]. Waterlogging conditions can decrease root conductance for water and nutrient uptake, causing nutrient deficiency and resulting in poor plant growth [11,12]. Reduced root activity under waterlogging causes a significant decrease in plant N content causing yellowing of leaves [13].



Waterlogging injury can also reduce photosynthesis and stomatal conductance [14]. Stomatal conductance and transpiration were decreased by 30% to 40% after approximately 24 h of soil flooding in tomato plants [11]. Partial stomatal closure was a response to waterlogging to prevent leaf water deficits and wilting, rather than being a response to low leaf water potential. Stomatal closure is also responsible for CO2 limitation in plant cells and consequently results in oxygen free radical accumulation. Flooding stress effects on corn photosynthesis, seedling growth, and shoot/root ratio were more pronounced under control light (600 μmol m−2 s−1) growth conditions than under low-light (150 μmol m−2 s−1) conditions, suggesting that low-light growth conditions mitigated soil flooding stress [15]. Nitrogen deficiency is one of the main contributors to crop yield losses due to waterlogging [16,17]. Wu et al. [18] reported that waterlogging wheat at the postanthesis stage significantly reduced root respiratory activity, leaf greenness (SPAD reading), photosynthetic rate, stomatal conductance, transpiration rate, grain number per spike, 1000-grain weight, grain yield, and increased intercellular CO2 concentration.



The flooding/waterlogging injury on plants depends upon the duration of flooding, crop growth stage at the time of flooding, and soil temperature. Early growth stages of corn are more susceptible to waterlogging losses as compared to later stages [19,20]. Flooding damage increases with a rise in temperature [21]. The interaction between flooding duration and temperature affects the survival of plants. Corn plants at the V6 growth stage can survive for two to four days under flooding at 15 °C, but may die at temperatures above 25 °C [22]. Generally, plants that survive flooding will show new leaf growth in about three to five days with favorable temperatures. Wu et al. [23] observed that the negative effects of postanthesis waterlogging and temperature on wheat growth were in order of: waterlogging + high temperature > waterlogging > high temperature. Plants have several possible mechanisms to adapt under excessive soil moisture conditions including formation of air space (i.e., aerenchyma) in the root cortex, stem enlargement (i.e., hypertrophy), adventitious root formation, especially near the soil surface [20]), and early root tip death [24].



Several studies have shown that significant genetic differences occurred in the response of corn plants to soil waterlogging stress [20,25,26]. Such variability in corn plant responses to soil waterlogging can be utilized to identify and develop corn hybrids tolerant to waterlogging, especially for poorly drained soils in Missouri. Identification and development of corn hybrids that can withstand waterlogging stress is one approach to reduce production losses caused by waterlogging. Therefore, the objectives of this study were to screen and identify corn hybrids for waterlogging tolerance in a controlled environment.




2. Materials and Methods


2.1. Greenhouse Experiment


A controlled environment greenhouse pot experiment was conducted with a split-plot design and four replications during the spring season in 2013 at the University of Missouri, Columbia, Missouri. The main plots were waterlogging duration and subplots were eight corn hybrids. Three waterlogging durations used in this experiment were: 0 (nonwaterlogged), 14 days waterlogging and then allowing recovery for 7 days; and 21 days waterlogging. Waterlogging was started at the V2 corn growth stage [27] in 14-day and 21-day waterlogging treatments. Eight commercially available corn hybrids used in this study were P1360HR (Hybrid #1), P1498YHR (Hybrid #2), 33D42 (Hybrid #3), P0636HR (Hybrid #5), P1018YHR (Hybrid #6), P1151YHR (Hybrid #7), P1324HR (Hybrid #8) (Pioneer Du Pont, Johnston, IA, USA), and DKC (Hybrid #4) (Monsanto, St. Louis, MO, USA). These corn hybrids were selected based on empirical observations as to their response to waterlogged conditions in field-based variety trials conducted in the midwestern region of the United States. Some of the hybrids had shown poor response to waterlogged conditions and some had shown some tolerance to saturated conditions. All of the corn hybrid seeds were treated with mefenoxam, fludioxonil, azoxystrobin, thiabendazole, and thiamethoxam (C221 Maxim Quattro + Cruiser 250 + PPCT 2012). C221 Maxim Quattro and Cruiser 250 protect seeds against early season insects (such as wireworm, seed corn maggot, chinch bug) and diseases caused by Pythium, Rhizoctonia, and Fusarium fungal species.



Corn hybrids were planted into identical randomized plastic pots that had a bottom diameter of 11.43 cm, top diameter of 17.15 cm, and a height equal to 14.61 cm. There was one plant per pot. All of these pots had no drainage holes as an attempt to reduce variation in N loss through leaching. Waterlogging in pots was initiated at the V2 corn growth stage [27]. The soil was maintained at field capacity up to the V2 corn stage in all pots. After the V2 corn growth stage, nonwaterlogged treatments were maintained at field capacity throughout the experiment period in order to achieve soil water uniformity and optimum plant growth, whereas the 14-day and 21-day waterlogging treatments were flooded with a few centimeters of water ponded above the soil surface. Distilled water was used for waterlogging the pots. In 14-day waterlogging treatments, excess water was removed after 14 days of waterlogging and plants were allowed to recover from waterlogging stress for 7 days. Artificial lighting was provided by 400 Watts HPS (high-density sodium) lamps in the greenhouse from 6:00 h to 19:00 h daily.



Each pot was filled with approximately 3 kg of bulk soil collected from the upper 15 cm soil depth of the unfertilized control plot of the field experiment at the University of Missouri Greenley Research Center (40°1′17″ N, 92°11′24.9″ W), near Novelty, Missouri. The soil type was classified as a Putnam silt loam (fine, smectitic, mesic Vertic Albaqualfs). The collected soil was air-dried, ground using a hammer mill, and passed through a stainless-steel sieve with 2 mm openings and was analyzed by the University of Missouri’s Soil and Plant Testing Laboratory for initial soil characterization (Table 1) using standardized soil test procedures [28]. This soil was uniformly mixed with urea fertilizer at the rate of 336 kg N ha−1. A high N rate was applied to ensure that N was not limiting in any of the pots since frequent watering occurred. No other P or K fertilizer was added as recommended in the soil test report by the University of Missouri’s Soil and Plant Testing Laboratory.




2.2. Soil and Plant Measurements


Soil redox potential (Eh) and pH of waterlogged pots were measured after initiation of waterlogging events to quantify the changes in soil properties due to waterlogging. Soil Eh and pH were determined by using portable ORP (Oxidation-Reduction Potential) and pH electrodes attached to an Oakton 310 pH/ORP meter (Vernon Hills, IL, USA). Soil Eh was adjusted to standard H2 reference electrode values [29]. Soil temperature was measured from both nonwaterlogged and waterlogged pots using an Oakton Temp 10 Thermocouple (Vernon Hills, IL, USA).



Plant heights were recorded periodically from the soil surface after plant emergence. Chlorophyll meter (CM) readings were taken from a day before the initiation of waterlogging event up to 21 days. The first and second leaves of many corn plants senesced and detached from the plant or were no longer green before the end of the waterlogging treatments. New leaves also emerged on corn plants as plants grew during waterlogging events over time. Therefore, CM readings for all leaves were not taken for all 21 days. Leaves were numbered in sequence from the base of the plant. Stomatal conductance was also measured on corn plant leaves using a leaf porometer (Decagon Devices, Pullman, WA, USA) during waterlogging events. The ratio of plant height or CM readings were determined for waterlogged versus nonwaterlogged moisture conditions to compare the performance of the corn hybrids. Ratios less than 1 indicated that plant height or CM readings under waterlogged conditions were lower than under nonwaterlogged soil conditions.



The number of mature leaves on corn plants in each pot was also counted before corn harvest for shoot and root biomass production. Corn plants were harvested from each pot to measure aboveground and belowground root biomass. After removing the shoots, all the soil inside the pots was removed and placed on sieves and washed with running water to remove any soil particles attached to the roots. The aboveground and belowground root biomass samples were oven-dried at 65°C in a forced-air oven to obtain biomass dry weight produced per plant in each pot.




2.3. Statistical Analysis


All the collected data was analyzed using the MIXED procedure available in the SAS v.9.4 statistical software (SAS Institute, Cary, NC, USA). Data were combined over factors when appropriate as indicated by the MIXED procedure results. Means were separated using Fisher’s Protected Least Significant Difference (LSD) at the p < 0.10 probability level. Regression analysis was done for redox potential measurement to determine the changes in redox potential with waterlogging duration.





3. Results and Discussion


3.1. Soil Conditions during Waterlogging


Soil Eh measurements can help in estimating whether the soil is aerobic or anaerobic and whether chemical compounds, such as nitrate or iron oxides, are present in their oxidized form or are chemically reduced [29]. The Eh of reduced soils can be between +400 and −300 mV [30,31]. Soil Eh decreased significantly with each day of waterlogging, indicating the development of reduced soil conditions in the pots (Figure 1). Decrease in redox potential followed a logarithm relationship with waterlogging duration (Figure 1). Soil Eh decreased significantly by 176 mV and 165 mV in two days after the start of 14-day and 21-day waterlogging events, respectively (Figure 1). Soil Eh decreased by 419 mV units by the end of the 14-day waterlogging period. In 21-day waterlogged pots, soil Eh decreased by 452 mV units from the start of the waterlogging event to the 21st day (Figure 1). Soil Eh by the end of waterlogging events was <120 mV in both 14-day and 21-day waterlogging treatments. This result indicates that the soil was in anoxic (anaerobic) condition, which makes it susceptible to nitrate reduction to dinitrogen through the denitrification process. The soil redox potential for anoxic soils is <120 mV at pH 7 [32] and nitrate reduction to dinitrogen can occur at redox potential of 220 to 280 mV [33].



Soil temperature in 14-day or 21-day waterlogged pots was mostly lower than for non-waterlogged treatments on each day of measurement; however, this difference was not significant (Figure 2A). In the 14-day or 21-day waterlogging treatments, the soil temperature decreased by 3 °C on the second day of waterlogging and then increased back on the third day of waterlogging. The soil temperature started to increase in the 14-day waterlogging pots after the water was removed from them on day 15; however, the increase in temperature was not significantly different than the soil temperature from non-waterlogged or 21-day waterlogged treatments. In contrast to our results, Unger, Motavalli, and Muzika [32] found that 3- or 5-week waterlogged soils had higher soil temperatures compared to nonflooded soils in a field–laboratory study. Zaidi et al. [34] also observed higher soil temperatures in waterlogged soils compared to that of non-waterlogged soils.



Soil pH significantly increased as the duration of waterlogging increased (Figure 2B). In the 14-day waterlogging treatments, soil pH increased by 0.2 units in two days after the start of waterlogging and increased to 0.7 units by the end of waterlogging events. Soil pH increased in 21-day waterlogged pots by 0.8 units from 6.0 to 6.8 by the end of 21 days. Consumption of protons during the reduction of Fe and Mn oxides in acid soils causes an increase in soil pH [30,33,35]. In contrast, Unger, Motavalli, and Muzika [32] found no significant trends for soil pH with 3- or 5-week flooding treatments or over time compared to nonflooded treatments in a field experiment.




3.2. Stomatal Conductance


Stomatal conductance was measured on the second, fourth, and fifth leaves of each plant. Significant differences were observed among hybrids for stomatal conductance when compared separately for individual leaves (Figure 3A–C). Significant interaction was obtained between waterlogging duration and corn hybrids for stomatal conductance of the fourth leaf (Figure 3B). No such interaction was observed for stomatal conductance of the second and fifth leaves (Figure 3A and 3C). Hybrids #1, #3, #7, and #8 had lower stomatal conductance by 9, 25, 22, and 28 mmol m−2 s−1, respectively, on the second leaf compared to Hybrid #6 (Figure 3A). No significant differences were obtained between Hybrids #2, #4, #6, and #5 for stomatal conductance of the second leaf. Stomatal conductance of the fourth leaf decreased by 66 and 70 mmol m−2 s−1 for Hybrid #4 when waterlogged for 14 days and 21 days, respectively, compared to the nonwaterlogged pots (Figure 3B). Stomatal conductance of other hybrids on the fourth leaf decreased as result of waterlogging; however, the difference was not significant. Stomatal conductance of the fifth leaf was significantly lower for Hybrid #7 than for Hybrids #1, #3, and #5 (Figure 3C), whereas they all had similar stomatal conductance on the second leaf. These results suggest that the stomatal conductance improved on newer leaves. When averaged over the days of measurement, the stomatal conductance was significantly lower in 14-day and 21-day waterlogging than in nonwaterlogged pots for the second and fifth leaves (Figure 4). Stomatal closure is one of the first eco-physiological responses to waterlogging [36]. Stomatal closure prevents leaf dehydration and absorption of potentially toxic ions and reduces water and nutrient demand [37]. However, stomatal conductance on the fourth leaf in 14-day waterlogged plants was not significantly different either from non-waterlogged pots or from 21-day waterlogging.



Stomatal conductance varies each day and there was interaction found between waterlogging duration and days. After six days of waterlogging, stomatal conductance for the second leaf was reduced by 103 mmol m−2 s−1 units in 14-day or 21-day waterlogged treatments compared to nonwaterlogged pots (Figure 4). The stomatal conductance of the second leaf decreased by 90 and 93 mmol m−2 s−1 units in 14-day and 21-day waterlogged treatments, respectively, as compared to nonwaterlogged treatments on the 10th day after waterlogging started. No differences were obtained between the 14-day and 21-day waterlogged treatments for stomatal conductance on the second, fourth and fifth leaves (Figure 4). Stomatal conductance measurement of the fourth leaf was started on the 14th day after waterlogging initiation. The stomatal conductance on the fourth leaf on the 14th day was lower as compared to the 15th and 16th days (Figure 4). The stomatal conductance of the fourth leaf on the 16th and 17th days was significantly higher in nonwaterlogged pots compared to the 14-day or 21-day waterlogged pots. Stomatal conductance of the fifth leaf was started on the 18th day after waterlogging initiation. The stomatal conductance of the fifth leaf was significantly lower in 14-day and 21-day waterlogged pots compared to the nonwaterlogged pots up to the 20th day after waterlogging (Figure 4). Similarly, de Souza et al. [38] reported lower stomatal conductance in corn plants at the V6 stage in flooded compared to nonflooded plants. In contrast, no significant differences in stomatal conductance were observed for corn seedlings at the V2 growth stage after six days of flooding in a greenhouse pot study [39].




3.3. Chlorophyll Meter Readings


Chlorophyll meter (CM) readings were taken on the first, second, third, fourth, and fifth leaves from the beginning of waterlogging events for 14 days or 21 days. However, the first few leaves were either wilted or decayed before the end of waterlogging events or new leaves emerged later after the initiation of waterlogging. Therefore, CM readings were not taken up to 21 days on all leaves. In general, CM readings taken on all leaves decreased as the duration of waterlogging increased (Figure 5). The CM readings for the first and second leaves decreased rapidly after approximately five days of waterlogging (Figure 5). A decline in CM readings due to excessive moisture stress applied at the V7 stage in corn was also reported by Zaidi et al. [40] and they found that CM readings in nonwaterlogged or waterlogged treatments were significantly correlated to crop yields. The decrease in leaf chlorophyll content as a result of destruction of chlorophyll mediated by superoxide radicals formed under waterlogging stress may have caused lower CM readings in waterlogged pots [38,39,41].



The CM readings of the first leaf commenced a day before the initiation of waterlogging up to 12 to 13 days after the waterlogging event. However, the first leaf in many waterlogged pots for some hybrids was either dried or wilted or became detached from the plant 10 days after the start of waterlogging. Therefore, the comparison between waterlogging duration and hybrids is only made for CM readings taken up to the 9th day. The CM readings of the first and third leaf when measured on day 9 and 15 after waterlogging initiation showed interaction between hybrids and waterlogging duration (Figure 6). No interaction was found between waterlogging duration and hybrids for the second, fourth, and fifth leaves and only hybrids differences for CM readings are presented (Figure 7). No differences were observed for CM readings of the first and third leaf when measured a day before initiation of waterlogging. After waterlogged conditions for nine days, the CM readings of the first leaf taken on the ninth day of waterlogging decreased in waterlogged pots compared to non-waterlogged pots for all hybrids (Figure 6A). For the third leaf, waterlogging decreased CM readings when measured on the 15th day after waterlogging initiation for all hybrids, except for Hybrid #6 and #7 in the 14-day waterlogging treatments (Figure 6B).



The CM readings of the second leaf started one day before the initiation of waterlogging and were measured up to 10 days (Table 2). One day before waterlogging initiation, no differences were obtained for CM readings of the second leaf between different waterlogging pots and hybrids. After 10 days of waterlogging, CM readings of the second leaf decreased by 22.8 and 23.4 SPAD units in 14-day and 21-day waterlogging pots, respectively, compared to nonwaterlogged pots (Table 2). Hybrids #4 and #7 had CM readings of the second leaf 6.7 to 9.3 SPAD units higher than Hybrids #2 and #8 (Figure 7A). When comparing the relative CM readings (Figure 8B), the decline in CM reading due to nine days of waterlogging was greatest for Hybrid #2 and lowest for Hybrid #5 followed by Hybrid #1. For the third leaf, the least decline in CM reading was for Hybrid #3 and greatest was for Hybrid #1 (Figure 8B).



The CM readings for the fourth leaf on each corn plant were started 13 days after the initiation of waterlogging and measured up to 21 days. The CM readings for the fourth leaf on the 13th and 21st days were significantly lower in 14-day and 21-day waterlogged pots compared to nonwaterlogged pots (Table 2). The CM readings were decreased by 4.0 and 23.9 SPAD units from the 13th day to the 21st day in 14-day and 21-day waterlogged pots, respectively (Table 2). The CM readings of the fourth leaf for Hybrid #6 had 5.4 and 5.7 SPAD units higher as compared to Hybrid #7 and Hybrid #8, respectively (Figure 7B). All other hybrids had CM readings for the fourth leaf that were not significantly different from those of Hybrids #6, #7, or #8 (Figure 7B).



The CM readings of the fifth leaf on each corn plant were started 16 days after the initiation of waterlogging and measured up to 21 days (Table 2). The CM readings decreased for the 14-day or 21-day waterlogging compared to those of the nonwaterlogged pots, when compared between CM readings on the 16th and 21st days. In 14-day waterlogged pots, the CM readings were not changed in five days from the 16th to 21st day (Table 2). No further decrease in CM readings in 14-day waterlogged pots might be due to the beginning of recovery from waterlogging stress by plants. Within 21-day waterlogging pots, CM readings decreased further by 11.5 units in seven days from the 16th to 21st day of measurement. Hybrid #3 had significantly higher CM readings than Hybrids #2, #5, #7, and #8 for the fifth corn leaf (Figure 7C).




3.4. Plant Height and Number of Mature Leaves


Visual differences in corn plant height and growth are shown in Figure 9. Corn plant heights were compared statistically for the last measurement taken one month after emergence of plants (Figure 10A). Among nonwaterlogged treatments, Hybrid #5 had the greatest height of 97 cm (Figure 10A). The plant height for Hybrid #5 was 13 cm greater than Hybrid #7 and Hybrid #8 among nonwaterlogged treatments. In nonwaterlogged treatments, the plant heights of Hybrids #1, #2, #3, #4, and #6 were not significantly different from Hybrid #5. The plant heights were significantly lower for all hybrids when waterlogged for 14 days or 21 days compared to nonwaterlogged treatments, indicating slower growth of plants under waterlogging conditions. No significant differences were obtained between hybrids in 14-day or 21-day waterlogged treatments (Figure 9A). An approximately 6% reduction in corn plant height due to prolonged waterlogging was reported by Bragina et al. [42]. In another study by Bragina et al. [43], corn plant height was reduced by 7, 11, and 23% when flooded for one, two, and three days at the V1–V2 growth stage, respectively.



When waterlogged for 21 days, the percent reduction in plant height due to waterlogging stress compared to nonwaterlogged treatments for Hybrids #1, #2, #3, #4, #5, #6, #7, and #8 were 32%, 24%, 27%, 30%, 37%, 33%, 33%, and 29%, respectively. This indicates that Hybrid #5 was very sensitive to waterlogging stress, whereas Hybrid #2 was comparatively least sensitive. This can also be seen when comparing the ratios of plant height in waterlogged vs nonwaterlogged conditions; the decrease in plant height for Hybrid #5 was higher than for other hybrids (Figure 8A). Hybrid #2 had the highest relative plant height, showing that the growth decline in this hybrid was comparatively lower than in other hybrids under waterlogging conditions. It also indicates that Hybrid #2 grew faster, elongating its shoot length as a tolerance mechanism to excessive soil moisture. Hybrid #5 had plant height greater than Hybrids #3, #7, and #6 before initiation of waterlogging. After flooding of pots, Hybrid #5 showed slow growth compared to the other three hybrids, showing its low tolerance to waterlogging. After initiation of waterlogging, Hybrid #8 had higher plant height for a week compared to Hybrid #2. After that, relative plant height for Hybrid #8 started declining and was lower than Hybrid #2 and Hybrid #3 by the end of a one-month period (Figure 8A). When waterlogged for 14 days and then allowed to recover from waterlogging stress, plant height of Hybrids #1, #2, #3, #4, #5, #6, #7, and #8 was reduced by 36%, 26% 23%, 25%, 32%, 27%, 32%, and 26%, respectively, as compared to nonwaterlogged treatments. In the 14-day waterlogged treatments, Hybrid #1 showed the highest percent reduction in height, showing that it was slowest to start growing again after waterlogged conditions were ceased, whereas Hybrids #2, #3, #4, and #6 recovered comparatively quickly.



No differences were found for number of mature leaves due to waterlogging for Hybrids #2, #3, #4, and #6 (Figure 10B). Hybrids #1, #5, and #7 under 14-day and 21-day waterlogged conditions had one extra mature leaf by the time of harvest compared to nonwaterlogged conditions. Hybrid #8 had one extra mature leaf in 21-day waterlogged treatments than in the nonwaterlogged conditions. In contrast, Grzesiak et al. [44] found that number of leaves for two corn hybrids was reduced by 35 or 77 days of waterlogging treatment compared to nonwaterlogged treatments.




3.5. Shoot and Root Biomass


Shoot biomass production was significantly affected by waterlogging (Figure 10C). The shoot biomass production was higher in nonwaterlogged treatments compared to 14-day and 21-day waterlogged treatments for all hybrids. No differences were observed between hybrids within 14-day or 21-day waterlogging duration treatments. Liu et al. [45] also obtained lower shoot and root biomass for all corn hybrids due to six days of waterlogging in a pot experiment. Lizaso and Ritchie [46] reported that 4- or 8-day waterlogging duration decreased biomass growth through reduction in leaf area expansion and photosynthesis and increased leaf senescence. However, doubling the waterlogging duration only caused 10% higher biomass losses in 8-day waterlogged treatments. Reduction in shoot and root biomass due to prolonged flooding was also reported by many other studies [43,44]. In contrast, Wang, Liu, Li, and Chen [39] reported no differences in shoot biomass between nonflooded and six-day flooded corn seedlings at the V2 growth stage. The shoot biomass decreased ≥50% due to 14-day or 21-day waterlogging duration compared to nonwaterlogged treatments for all hybrids, except Hybrid #4 (Figure 10C). Hybrid #5 and Hybrid #7 showed >60% reduction in dry matter production when waterlogged for 21 days. A study conducted by Lizaso and Ritchie [46] showed that six-day waterlogging of two corn varieties (one tolerant and the other susceptible to poor drainage) at the V4 growth stage reduced shoot biomass by 20 to 50% depending upon the soil temperature and with no difference between varieties. However, in that study, the waterlogging-tolerant corn variety placed a larger proportion of its biomass into the root system during and after flooding. In 14-day waterlogged treatments, Hybrid #2 and Hybrid #3 showed the least reduction in shoot biomass production compared to other hybrids. In 21-day waterlogged pots, Hybrid #1 and Hybrid #4 had the lowest reduction in biomass compared to other hybrids. Based on these results, Hybrid #7 was most susceptible to waterlogging and Hybrid #1 and Hybrid #4 were comparatively more tolerant to prolonged waterlogging for 21 days.



No significant differences were obtained for root biomass due to waterlogging for Hybrids #4 and #7 (Figure 10D). All other hybrids showed significant reductions in root biomass due to 21-day waterlogging compared to nonwaterlogged treatments. Hybrid #8 under nonwaterlogged conditions had 2.52 g higher root biomass than in 14-day waterlogging treatments. In a greenhouse pot study, Wang, Liu, Li, and Chen [39] found that the belowground biomass and total biomass of corn seedlings were 52 and 34% higher, respectively, in nonflooded compared to six-day flooding conditions at the V2 growth stage. Hypoxic or anoxic soil conditions reduced root growth and biomass accumulation under waterlogged conditions. Root biomass in 14-day waterlogged pots was not increased compared to 21-day waterlogged pots, which might be due to insufficient recovery time between waterlogging end and plant harvest. Lizaso and Ritchie [45] reported that root growth of corn plants waterlogged for 4 or 8 days increased rapidly about 10 days after the waterlogging treatments ended. Another study by Lizaso et al. [46] reported that root biomass reductions due to waterlogging of corn varieties were greater than for shoot biomass, and after the excess water in waterlogged pots was drained, plants invested more biomass into roots to reconstruct their root systems. Some of the corn hybrids exhibited a proliferation of surface roots as a response and possible tolerance mechanism to the extended soil saturation (Figure 11).





4. Conclusions


Soil waterlogging altered soil conditions and significantly affected corn growth and biomass production among several corn hybrids grown in pots. Soil waterlogging caused reducing conditions in soils and generally increased soil pH with each day of flooding. In general, soil waterlogging decreased biomass production, plant height, stomatal conductance, and chlorophyll meter readings. High variability was observed among corn hybrids in response to prolonged soil waterlogging for 14 days or 21 days for various growth parameters. However, some corn hybrids had higher growth (Hybrids #5, #6) in optimum moisture conditions compared to other hybrids. In addition, some hybrids were more susceptible to waterlogging as indicated by the reduction in plant height and biomass production. Higher variability in hybrid responses to waterlogging and comparatively shorter duration of greenhouse experiment make it difficult to identify one or more hybrids from this experiment showing greater resistance to waterlogging stress than other hybrids. The beneficial effects of improved soil conditions after excess water removal from 14-day waterlogged pots were not observed in this experiment, probably due to the short time between the excess water removal and corn harvest.



These results indicate that waterlogging tolerance traits may be present among commercial corn hybrids. Exact mechanisms for this tolerance were not explored in this research, but it may be important for future research to examine these mechanisms and the conditions under which optimal expression of the traits can be stimulated. A limitation of this study is that it was conducted in the greenhouse in pots which may not simulate waterlogged conditions in the field. It is expected that greater waterlogging stress may occur under field conditions, but further field research is warranted. Inclusion of more diverse genetic lines that have major differences in traits that may affect flood tolerance, such as stomatal opening and root growth, also may be necessary to identify specific flood tolerance traits as they are expressed in the field.
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Figure 1. Changes in soil redox potential with duration of waterlogging. Regression equations are provided for the 14-day and 21-day waterlogging treatments. 
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Figure 2. Changes in soil temperature (A) and soil pH (B) with waterlogging duration after waterlogging initiation. Vertical bars indicate standard deviation for each sampling date. 
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Figure 3. Stomatal conductance of the second (A), fourth (B), and fifth (C) leaves of corn plants among different hybrids. Same letters on bars indicate means do not differ significantly (p < 0.10) based on Fisher’s least significant difference test. Means are compared separately for each leaf. Data was averaged over waterlogging duration for second and fifth leaves due to absence of significant effect of waterlogging duration and interaction between hybrids as well as no significant effect of waterlogging duration on stomatal conductance. 
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Figure 4. Changes in stomatal conductance of second, fourth, and fifth corn leaves due to waterlogging duration with time. * Significant differences between means among waterlogging duration at p < 0.1. Data was averaged over hybrids to show interaction of different waterlogging duration with time. Days after waterlogging in the x-axis were obtained from the waterlogged treatments. 
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Figure 5. Changes in chlorophyll meter readings for first, third, and fifth leaf (A) and for second and fourth leaf (B) among different corn hybrids as affected by days of waterlogging in 21-day waterlogging treatments. 
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Figure 6. Chlorophyll meter readings for the first (A) and third (B) leaves of corn plants as affected by waterlogging duration among different hybrids. Same letters on bars indicate means do not differ significantly (p < 0.10) based on Fisher’s least significant difference test. 
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Figure 7. Chlorophyll meter readings on second (A), fourth (B), and fifth (C) leaves of corn plants among different hybrids. Same letters on bars indicate means do not differ significantly (p < 0.10) based on Fisher’s least significant difference test. Data was averaged over waterlogging duration due to absence of significant interaction between waterlogging duration and hybrids as well as no significant effect of waterlogging duration. 






Figure 7. Chlorophyll meter readings on second (A), fourth (B), and fifth (C) leaves of corn plants among different hybrids. Same letters on bars indicate means do not differ significantly (p < 0.10) based on Fisher’s least significant difference test. Data was averaged over waterlogging duration due to absence of significant interaction between waterlogging duration and hybrids as well as no significant effect of waterlogging duration.
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Figure 8. Ratio of 21-day waterlogged to nonwaterlogged treatment by corn hybrids for chlorophyll meter readings (A) and plant heights (B) by corn leaf. 
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Figure 9. Visual differences in corn plant height and growth between nonwaterlogged (A) and waterlogged (B) treatments. 
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Figure 10. Plant height (A), number of mature leaves (B), shoot (C), and root (D) biomass as affected by the waterlogging duration and corn hybrids. Same letters on bars indicate means do not differ significantly (p < 0.10) based on Fisher’s least significant difference test. 
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Figure 11. Proliferation of surface roots due to waterlogging (right side) and nonwaterlogged soil (left side). 
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Table 1. Selected initial properties of bulk soil collected from University of Missouri’s Greenley Research Center in 2013 for use in the greenhouse study. Values are averaged over three replications.
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	Initial Soil Properties
	Average Value (±Standard Deviation)





	pHs
	6.5 ± 0



	Neutralizable acidity (cmolc kg−1)
	0.5 ± 0



	CEC (cmolc kg−1)
	12.9 ± 0.5



	NO3−-N (mg kg−1)
	7.9 ± 0.2



	Organic matter (g kg−1)
	26 ± 1



	Bray-1 P (kg ha−1)
	109 ± 1



	K (kg ha−1)
	509 ± 18



	Exchangeable Ca (kg ha−1)
	4696 ± 177



	Exchangeable Mg (kg ha−1)
	375 ± 18



	Soil textural class
	Silt loam



	Sand (g kg−1)
	130 ± 0



	Silt (g kg−1)
	720 ± 10



	Clay (g kg−1)
	160 ± 10







Abbreviations: pHs, pH in 0.01 M CaCl2; CEC, Cation Exchange Capacity.
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