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Abstract

:

The objective of this study was to estimate the direct and indirect effects of agricultural, morphological, physiological, and root traits of popcorn lines, under two conditions of water supply: full irrigation (FI) and drought stress (DS). A complete randomized block design with three replications was used to evaluate the following traits: expanded popcorn volume per hectare (EPV), 100-grain weight (100GW), mean ear length, mean ear diameter, number of grains per row (NGR), prolificacy (PRO), anthesis to silking interval, tassel length, number of tassel branches, plant height, shoot dry matter, green index (SPAD), and canopy temperature depression (CTD), root angle (RA), tap root volume (TRV), and crown root volume (CRV). Analyses of variance and path analysis, and subsequent partitioning of direct and indirect effects were performed. For the traits EPV, PRO, CTD, RA, CRV and TRV, the genotype x environment interaction was significant. Drought stress had significant effects on EPV (−7.15%), 100GW (−23.52%), SPAD (−29.31%), CTD (87.15%), RA (24.54%), and CRV (44.89%). The traits NGR and SPAD were found to be decisive for the expression of EPV. The exploitation of these traits by indirect selection is expected to induce increments in EPV in environments under DS and FI.
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1. Introduction


The seed market offers cultivars with high potential for grain production, but to ensure high yields, optimized management conditions are necessary, with appropriate nutrient supply and pest, disease and weed control, as well as adequate water supply. In intensive and family agriculture, abiotic stresses are obstacles to the growth and full development of maize [1,2,3,4].



Drought, considered the most limiting abiotic factor for plant growth and development, compared to other stress types, has a strong effect on grain yield, limiting maize production in both tropical and subtropical regions [3,5,6,7,8,9,10]. In the South-Center and Southeast region of Brazil, corn production is concentrated in the second growing season, from February to June [11]. During this season, water limitations caused by heavy rainfall variations can drastically reduce grain yield, implying the importance of using drought-tolerant maize genotypes [11,12]. These effects are influenced by sensitivity levels of the genotypes, stress intensity and duration and the plant development stage during drought stress [9].



Despite the harmful effects of drought stress and the recurrent occurrence of irregular rainfall distribution, little effort has been made by research groups and breeding companies to develop genotypes with increased drought tolerance. In the case of popcorn, a crop that turns over about 2 billion dollars annually in the USA, to date there has been no research related to the selection of drought-adapted genotypes. Consequently, the exploitation of variability in popcorn becomes fundamental to access so far unexplored sources of drought tolerance in plant breeding. For this, the North Fluminense State University “Darcy Ribeiro” (UENF) has a germplasm collection containing accessions from temperate and tropical climatic adaptated regions of Latin America, as well as inbred lines from improved elite materials in Brazil [13]. In this regard, a better understanding of the morphoagricultural and physiological responses of plant genetic resources is required and some strategies to optimize plant selection in water-deficit environments are proposed.



Stress caused by drought at the pre-anthesis phenological stage causes harmful effects on the meiotic stage of reproductive cells, affecting the subsequent development of the male gametophyte, inducing pollen sterility [14], reflecting in fewer grains [9]. For the evaluation of germplasm with a view to drought tolerance, we consider the traits associated with grain yield under stress, and at reproductive structures, i.e., shorter interval between male and female anthesis [11,15,16], late leaf senescence [15,17], increased prolificacy [11,15,18], and lower number of tassel branches [6,15]. More recently, physiological traits were highlighted, namely: (i) canopy temperature [9,10]; (ii) estimate green biomass by remote sensing tools based on the use of irradiation [3,9]; (iii) green leaf color index (SPAD) [9]; and, (iv) root morphology and depth [19]. The phenological stage of male pre-anthesis is the most recommended period for the evaluation of more productive genotypes under dry conditions [8,9,10,11], and the pre-anthesis period coincides with the moment of shortage of rainfall in corn crops in Brazil [11]. Meiosis-related processes, which include pollen viability, in addition to zygote formation and initiation of grain filling, are biological processes highly sensitive to water stress [20].



Thus, the following scientific questions arise: (i) Which of the trait(s) associated with drought stress is(are) most appropriate for indirect selection of drought-tolerant germplasm? (ii) Under well-irrigated conditions, the direct and indirect effects of trait selection associated with greater tolerance to drought stress are the same as in a stressed environment?



In this scenario of questions, it is known that a high correlation between two traits may be the result of the effect of a third or even a group of traits on the former [21]. It is not possible to observe whether the correlations are estimated based on real and direct cause and effect relationships [22]. In this respect, Wright′s [23] path analysis allows conclusions about direct and indirect effects by partitioning the correlations of a group of (explanatory) traits in relation to a given trait considered to be the most important (main).



Therefore, the objective of this study was to estimate the effects of direct and indirect influence of agricultural, morphological, physiological and root architecture traits of popcorn genotypes under two water regimes, on the main variable: expanded popcorn volume per hectare (EPV), considered a supertrait, for representing the product of the two main economically important traits of the crop: popping expansion and grain yield [24]. In practice, this research concludes with the indication of secondary characteristics that can be used for the selection of more productive genotypes in dry conditions, that is, more agronomically efficient genotypes in water use [25], favoring the practice of a more sustainable agriculture in the use of water resources. More productive and drought-adapted plants imply a lower ratio of grain yield per unit of available or evapotranspirated water [26].




2. Materials and Methods


2.1. Plant Material, Experimental Design and Cultural Treatment


Twenty popcorn lines (S7) of the Active Germplasm Bank of the UENF were evaluated, derived from germplasm adapted to tropical climatic (L61, L63, L65, L69, L70, and L71—derived from population ‘BRS-Angela’) and temperate/tropical germplasm (P1, P5, P6 and P7—derived from the commercial hybrid ‘Zélia’; P2 and P3—from compound CMS-42; P4—from South American races; P8 and P9—L54, L55 and L59—from population ‘Beija-Flor’; and L75 and L76—derived from population ‘Viçosa’).



These popcorn lines were evaluated under two water regimes, i.e., under drought stress (DS) under full irrigation (FI), by irrigation management. In the drought-stressed environment, irrigation was interrupted at the phenological stage of pre-anthesis, 15 days before male flowering (10 June 2016), while in the environment without water restriction irrigation was maintained until physiological grain maturation, to ensure complete replacement of crop evapotranspiration.



To synchronize the onset of stress with anthesis, the lines were separated in two maturation groups, based on previously studied male flowering data: (i) early (L54, L59, P2, P3, P4, P5, P6, P7, P8, and P9) and late (L55, L61, L63, L65, L69, L70, L71, L75, L76, and P1). Thus, staggered sowing was carried out, with the first sowing on 19 April for the late-maturing group and the second on 25 April for the early-maturing group in 2016. The male flowering date occurred precisely on 24 June 2016, representing 67 and 61 days after sowing, for both late and early genotypes, respectively.



The experiments, with and without water stress, were carried out at the UENF Experimental Station, Rio de Janeiro, Brazil (Latitude 21°42′48” S, Longitude 41°20′38”) during the dry season (April to August) to allow the effective imposition of stress. The experimental design was a randomized complete block with three replications per water condition. Each plot consisted of four rows of 4.40 m, spaced 0.80 m between rows and 0.20 m between plants (23 plants per row). The evaluated area of each plot consisted of 8.00 m2 of the central rows. Fertilization at sowing consisted of 30 kg N ha−1, 60 kg P2O5 ha−1 and 60 kg K2O ha−1, and sidedressing was applied 30 days after sowing, consisting of 100 kg N ha−1.



Drip irrigation was applied (flow 2.3 mm h−1), with one Katif dripper per plant at the recommended spacing (0.20 × 0.80 m). During the cultivation period, irrigation levels were applied (mm) in the well-irrigated condition (FI) as well as in the drought-stressed (DS) condition (Table S1). Rainfall events were recorded by the weather station installed in the experimental area. The total amount of water applied in early and late maturation genotypes was 60 mm for the WS condition, while WW condition plants received a total amount of 138 mm. There was rainfall, totaling 133 mm (Table S1). The temperature and relative humidity during the crop cycle ranged from 12 to 37 °C and 23% to 97%, respectively, and mean solar radiation was 20.35 MJ m−2 day−1 (≅1300 µmol m−2 s−1) (Figure S1).



The soil of the experimental station was classified as Yellow Dystrophic Latosolic Fragipan Argisol and contains high clay and silt levels. The soil water contents at field capacity and permanent wilting point were 38.21% and 28.41%, respectively. The soil water potential was monitored with Decagon MPS-6 tensiometers (Decagon, Pullman, Washington, 99163, USA) (Figure 1). The soil of the FI water condition was maintained at field capacity (−10 kPa), while under DS, the soil reached the permanent wilting point (−1500 kPa) 12 days after male anthesis (Figure 1).




2.2. Traits Evaluated


Harvesting was undertaken 120 days after sowing. The main trait expanded popcorn volume per hectare (m3 ha−1) (EPV), was estimated by multiplying the mean plot yield with popping expansion. To this end, grain yield per hectare (GY) was estimated (Kg ha−1), and corrected to a moisture content of 13%, and the popping expansion (PE) was measured for the mass of 30 g grain, microwave-irradiated in a paper bag for popping, at 1000 W, for 2.25 min. The popcorn volume was quantified in a beaker (2000 mL). Popping expansion was determined as the quotient of the obtained popcorn volume by grain weight (mL g−1).



For path analysis, the traits of the first order were 100-grain weight (100GW), ear length (EL), ear diameter (ED), number of grains per row (NGR) and prolificacy (PRO). Based on all plants per plot, 100GW was measured by weighing (g) three sub-samples of 100 grains, and PRO determined as the quotient of the number of harvested ears by the total number of plants per plot. A random sample of six healthy plants per plot was taken to estimate EL and ED, quantified with a pachymeter (cm) and NGR, determined by counting.



The traits representing the secondary-order factors consisted of: anthesis to silking interval (ASI), tassel length (TL), number of tassel branches (NTB), plant height (PH), shoot dry matter (SDM), green index (SPAD), canopy temperature depression (CTD), root angle (RA), crown root volume (CRV) and tap root volume (TRV).



The trait PH was measured from the ground to the flag leaf (cm); SDM was determined by weighing (g) after oven drying at 70 °C for 72 h; ASI was calculated by the difference between the mean values of the male and female flowering dates (days); TL was measured from the lowest tassel rachis node to its extremity (cm); and NTB was determined by counting. The trait associated with leaf green intensity (SPAD) consisted of the average of three readings in the mean third of the third leaf, counted from the apex and below the flag leaf, with a portable chlorophyll meter Minolta SPAD-502 (soil plant analysis development) (Minolta, Osaka, 590-8551, Japan). The trait SPAD was evaluated 35 days after the onset of DS (soil water potential around −1500 kPa—Figure 1). These traits were measured in a random sample of six useful plants.



The trait CTD (°C) was calculated as the difference between the air temperature around the leaf and that of the canopy (Tair −Tcanopy). The canopy temperature was estimated by means of thermographic images, obtained in a FLIR i50® thermograph (FLIR Systems AB, Täby, 187 66 Sweden—19,600 pixels) and processed by software FLIR Tools/Tools + ® program. Images were taken of the two middle rows of each plot between 12:00 and 14:00 (Soil water potential: −1500 kPa—July 08—Figure 1), at 0.60 m above the canopy.



The root architecture traits were determined according to the methodology proposed by Trachsel et al. (2011) [27]. After the harvest, the soil of the water condition under FI and DS was watered with 50 mm irrigation, facilitating the mechanical removal of the plants with shovels. The intact root system of two plants per plot was removed in a soil cylinder (diameter 40 cm, depth 25 cm). The cylinders were washed until complete removal of the soil. The following traits were measured: root angle (RA), measured with a protractor and expressed in relation to the soil (°); tap root volume (TRV), calculated as the product of the number of support roots and the mean lateral root density; and crown root volume (CRV), calculated as the product of the number of crown roots and the mean lateral root density.




2.3. Analysis of Variance and Estimates of Genetic Parameters


Analyses of individual variance were performed (   Y  i j   = μ +  g i  +  b j  +  ε  i j    , where Yij is the observation of the ith genotype of the jth block; μ is the general constant, gi the genotype effect; bj the block effect; and εij the experimental error) and of combined variance for different water condition (   Y  i j k   = μ +  g i  + b /  a  j k   +  a j  + g  a  i j   +  ε  i j k    , where:    Y  i j k   :   observation of the ith genotype in the the jth environment in the kth block;   μ :   is the general constant; gi: the random effect of the ith genotype;   b /  a  j k    : effect of the kth block within environment j;    a j   : fixed effect of the jth environment;   g  a  i j    : random effect of the interaction between the ith genotype with the jth environment; and    ε  i j k    : random experimental error associated with observation    Y  i j k    ).



Estimates of the genetic components were calculated by the mean squares of the individual analysis of variance. Heritability based on the means of the genotypes was estimated by the expression:    H 2  =    σ g 2     σ g 2  +  σ e 2     , where:    σ g 2   . = genotypic variance and    σ e 2   . = residual variance. The standard deviation was estimated by:   S D =    σ e 2     . The coefficient of genetic variation was calculated by:   C  V G  =  (       σ g 2   ^    /  X ¯   )  100  . The coefficient of experimental variation was calculated as:   C  V e  =  (     σ e 2    /  X ¯   )  100  .




2.4. Path Analysis


The values of each trait per plot were standardized and then subjected to analysis of variance to generate the genotype correlation matrix (rg). The rg matrix was subjected to the collinearity test of Montgomery et al. (1981) [28]. Multicollinearity occurs when the sample observations of the explanatory variables, or their linear combinations, are correlated. According to the Montgomery and Peck Table (1981) [28], we have that for condition number less than 100 there is low data collinearity; For condition number greater than 100, moderate to strong collinearity is required, and path analysis is not recommended. The significance of rg was tested by the t-test, at 5% and 1% probability, with n-2 degrees of freedom, between all pairs of combinations.



The rg were used for the estimation of the path coefficients, partitioning them in direct (pjy) and indirect (rijpjy) effects, by estimating the regression equations, under both water regimes (FI and DS), according to the model of primary and secondary traits, which explain the variation of Y (EPV). Thus, rij is the correlation coefficient of trait i with j, and pjy is the direct effect (or path coefficient) of trait j in the final product Y. The direct and indirect effects of the secondary traits on each primary trait were calculated in the same way, by applying the appropriate model and the system of equations derived therefrom.



The effect of the five primary traits on the main variable (EPV) was considered: 100GW (P01), EL (P02), ED (P03), NGR (P04), and PRO (P05). However, the mode of action of the 10 secondary traits on the primary traits and the main variable EPV was considered as: ASI (S06), TL (S07), NTB (S08), PH (S09), SDM (S10), SPAD (S11), CTD (S12), RA (S13), CRV (S14), and TRV (S15). These assumptions show the interrelationships between the variables, taking into account the logical and additive relationship between the traits (Figure 2). The resolution was determined by the system of normal equations X′Xβ = X′Y, where X′X is a non-singular matrix of correlations between explanatory variables; β is a column vector of path coefficients and; XY is a column vector of correlations between the main and explanatory variables.



The coefficient of determination for the analysis of explanatory variables on the main variable and between the secondary traits on the primary is given by:    R  0.123 … n  2  =      p  01    ^   r  01   +    p  02    ^   r  02   +    p  03    ^   r  03   + ⋯ +    p  05    ^   r  05    . The residual effect is expressed by:   p ε =    (  1 −  R  0.123 … n  2   )    0.5    . The analyses were performed with the software Genes [29].





3. Results


3.1. Genetic and Environmental Effects of Traits in Full Irrigation (FI) and Drought Stress (DS)


In the FI and DS environments, genetic variability was detected among the evaluated genotypes, for all traits (Table 1).



The overall mean of expanded popcorn volume per ha (EPV) in the fully irrigated water condition (FI) was 74.79 m3 ha−1 (grain yield: 2548.08 Kg ha−1 × popping expansion: 29.35 g mL−1), while the mean of this trait in the drought-stressed condition (DS) was 23.82 m3 ha−1 (grain yield—1139.11 Kg ha−1 × popping expansion—20.91 g mL−1). These mean values show a reduction of 68.15% (Figure 3) in EPV caused by drought stress (DS), compared to the condition with full water supply (FI). For this trait, CVe had a similar pattern in both water conditions. Under DS, the CVg was higher i.e., 39.83%, compared to 25.07% under FI. The heritability (H2) of EPV was higher under DS, with an estimated order of 89.50%, against 72.21% under FI (Table 1).



Under DS, the agricultural traits of the first order 100GW, NGR and PRO were considerably decreased, with lower mean estimates (23.52%, 18.79% and 15.69%, respectively) (Figure 3) than under FI. The marked reductions caused by water deficiency in the DS condition were also observed in the physiological traits (second chain), in particular for SDM (14.75%) and SPAD (29.31%) (Figure 3). Under DS, the mean CTD value increased in the order of 87.15%, in relation to the FI condition (Figure 3). This shows that under DS, the atmospheric temperature is lower than or equal to that of the canopy. Compared to the control (FI), the means of the root traits RA, CRV and TRV were 24.53%, 44.89% and 17.24% higher, respectively, under DS (Figure 3).



Under FI, CVe ranged from 5.21% (PH) to 43.57% (ASI), and under DS, from 5.03% (PH) to 88.36% (CTD). The trait CTD is influenced by atmospheric variations (wind, cloudiness and humidity) and by the time of image acquisition. On the other hand, the CVg ranged from 7.76% (ED) to 81.77% (ASI) under FI and from 8.60% (ED) to 144.13% (CTD) under DS (Table 1).



High H2 values were observed under both FI and DS (Table 1). Under FI, the H2 estimates ranged from 68.76% (100GW) to 95.96% (PH), and under DS, from 53.78% (PRO) to 95.48% (CRV), respectively (Table 1). Non-significant GE interactions were detected for the characteristics 100GW, EL, ED, NGR, ASI, TL, NTB, PH, SDM, and SPAD. Significant GE interactions occurred for EPV, PRO, CTD, RA, CRV, and TRV (Table 1).




3.2. Direct and Indirect Effects of the First-Order Explanatory Variables on the Variable Expanded Popcorn Volume Per Hectare in FI and DS


Under FI, the traits with significant total effects on the variable EPV were: EL (0.53), ED (0.47) and NGR (0.88) (Table 2). Among these, only NGR had a high direct effect (1.06) on EPV. The traits EL and ED, with zero direct effect on EPV, have marked effect of NGR, in the partitioning of indirect effects (Table 2).



Under DS, the traits EL (0.71), ED (0.45), NGR (0.92), and PRO (0.65) had significant overall effects on EPV (Table 2). In the partitioning of effects, the traits EL, ED and PRO had direct negative effects on EPV (−1.16, −1.00 and −0.32, respectively). These traits revealed the marked action of trait NGR on all its effects on EPV. Only trait NGR had a high positive direct effect (2.65) on the main variable (Table 2).



The comparison of the total effects of traits between FI and DS indicated a similar behavior. The traits 100GW, EL, ED, and NGR expressed similar values with the same direction of total effects on EPV (Table 2). Only the variable PRO had a total effect in the opposite direction in the different water conditions, i.e., a value of −0.42 under FI and 0.65 under DS. In both water conditions, the total effect of trait 100GW on EPV was not significant.



The path coefficient under DS explained 88% (R2 = 0.88) of the variation in EPV, with a residual effect of 34% (Table 2). Under FI, 100% of the variation in EPV was explained, expressed by the high coefficient of determination in the model (R2 = 1.21) and a zero residual effect. Values above 1.00 and/or below −1.00 may occur when regression analysis estimates are obtained for standardized data [30]. Under both water regimes, the setting of the model proved reliable to explain the genetic effects, reflecting the high contribution of the explanatory traits used in the model related to EPV. The data quality to estimate the path coefficients is also ensured by the collinearity values (Table 2), in which DS (73.37) and FI (50.36) were considered low (<100) [28].




3.3. Direct and Indirect Effects of Second-Order Variables on the First-Order Variable Number of Grains per Row (NGR) in FI and DS Environments


Since the direct and indirect effects of the first-order variables on the main variable (EPV) were only promising by path analysis via NGR, the other partitionings with the traits 100GW, EL, ED and PRO were discarded. The complete table of the partitioning of the genotype correlations in components of direct and indirect effects (path analysis) obtained between the first- and second-order agricultural traits is found in the supplementary material (Table S2). The main results in the path analysis in both water conditions were observed by the traits TL, PH and SPAD. In Table 3, we highlight these traits in italics for easier observation of the main results.



Under DS, the total effect of NGR was significant on TL (0.67), PH (0.48) and SPAD (0.44) (Table 3). These three traits, under the aforementioned water regime, had direct effects on NGR (in the order of 0.55, 0.69 and 0.70, respectively).



Under FI, trait NGR stood out with significant associations with TL (0.79), PH (0.61), CTD (0.44), and CRV (−0.46) (Table 3). Among these four traits, the effect of TL on NGR occurred due to direct effects (1.17) of the first on the second trait. The other three (PH, CTD and CRV) had an effect on NGR, mainly due to indirect effects via TL, (0.48, 0.31 and −0.40, respectively). The indirect and less intense effects via SPAD, on the total effects of PH on NGR, are also worth mentioning.



In both water conditions, the path coefficients (R2) were significant (p-value of 1%) (Table 3), indicating a reliable setting of the model to explain the genetic effects, reflecting the high contribution of the second-order traits used in the model related to each first-order trait.




3.4. Direct and Indirect Effects of the Second-Order Explanatory Variables on the Main Variable Expanded Popcorn Volume per Hectare (EPV), via NGR, in FI and DS Environments


This section describes only the direct and indirect effects of the traits associated with NGR, i.e., under DS, on TL (0.67), PH (0.48) and SPAD (0.44), and under FI, on TL (0.79), PH (0.61), CTD (0.44), and CRV (−0.46) (Table 3). In both water conditions, the total effect of CRV on EPV was not significant, making further partitioning superfluous. The other traits had significant total effects and high direct effects. The complete table of the partitioning of genotype correlations in components of direct and indirect effects (path analysis) between the second-order explanatory variables and the main variable EPV is found in the supplementary material (Table S3). The main results in the path analysis in both water conditions were observed by the traits SPAD. In Table 4, we highlight these traits in italics for easier observation of the main results.



Under DS, the total effect of TL on EPV was significant (0.57), although it had a low direct effect on the latter (0.18) (Table 4). These effects were pronounced by the indirect action via ASI (0.99) and SDM (0.41). The magnitude of these effects was directed by NGR (1.80). Under FI, trait TL had a significant total effect on EPV (0.56), and a high direct effect (0.86) on the same, with a lower residual effect (−0.59). Trait NGR had the highest effects (0.85) on EPV of all first-order traits (Table 4).



Under DS, trait PH had a significant total effect on EPV (0.51), with a strong direct effect (1.85) on this variable (Table 4). The residual effect (1.35) was lower than the total effect on EPV; thus, the association between these two variables may be relevant. These effects were intensified by the effect determined by NGR (1.29). Under FI, the trait PH had a high total significant effect on EPV (0.59), in spite of having a low direct effect on EPV (−0.22), and negative residual effect (−0.65). Thus, the association between these two variables is not relevant. Trait NGR was responsible for the direction of the strongest effects (0.66) on EPV (Table 4).



Under DS, trait SPAD had a significant total effect on EPV (0.45) and a strong direct effect (1.00) on this variable, associated to a low residual effect (0.40) (Table 4). The association between these two variables may be relevant. Trait NGR had the strongest action by indirect effect (1.13) via SPAD on EPV. Under FI, SPAD had a significant total effect on EPV (0.53), a clear direct effect on EPV (1.88) and a low residual effect (0.18). Trait NGR (0.20) accounted for the highest magnitude of effects on EPV.



Under DS, the total effect of trait CTD on EPV was not significant (−0.02) (Table 4), making further partitioning superfluous. Under FI, CTD had a significant total effect on EPV (0.60) and a direct effect on EPV (1.06). The residual effect found among the above traits was 0.61. Trait NGR (0.48) accounted for the strongest effects on EPV (Table 4).





4. Discussion


Several studies deal with correlations and GE interaction between maize traits evaluated with and without drought stress [11,31,32,33,34], however, no scientific papers were found reporting similar results for popcorn. In general, the values of CVg were higher than the estimates of CVe in both water conditions (Table 1). These values also demonstrate that the experimental procedures were adequate [30].



The estimates of the heritability (H2) were higher under DS than FI, for EPV (89.50% versus 72.21%) and its components 100GW (90.44% versus 68.76%) and NGR (91.05% versus 90.1%) (Table 1), indicating greater reliability in the selection based on these traits in the water condition with drought, and because the DS condition promotes greater expression of the genetic variance. The proportion of the phenotypic variance of genetic origin is explained by H2 [21,35]. Thus, the selection of superior genotypes under DS can be maximized, providing greater genetic gains, mainly for EPV.



The GE interaction occurs when the responses of the genotypes evaluated in the different water conditions are differentiated, as observed for the traits EPV, PRO, CTD, RA, CRV, and TRV (Table 1). The GE interaction interferes with selection gains and the recommendation of cultivars [35]. The non-significance of the GE interaction observed for 100GW, EL, ED, NGR, ASI, TL, NTB, PH, SDM, and SPAD (Table 1) allows the conclusion that selection these traits in one of the environments can be effective for simultaneous genetic gains in both.



The reduction of 68.15% in trait EPV (Figure 3) can be attributed to the significant decreases in 100GW (23.53%), NGR (18.79%) and PRO (15.69%). The minor reduction in ear size (EL) (0.71%) confirms that there was no decrease in the mean of this trait under DS which was, however, the case for number of ears, as well as grain weight and number of grains produced. In an experiment conducted under similar conditions to this study, mainly in terms of the moment of irrigation stop (male pre-anthesis), Cairns et al. (2012) [9] reported a mean grain yield reduction of 80% in maize lines. For the authors, the reduction in grain yield was mainly due to the decrease in the number of grains produced.



As additional information, it was observed that grain yield was reduced by 55.29% in the comparison between FI and DS, based on the estimates of 2548.08 Kg ha−1 and 1139.11 Kg ha−1, respectively (data not shown). In relation to popping expansion, the proportional decrease was 28.75%, in the comparison of the estimates of 29.35 g mL−1 and 20.91 g mL−1, respectively, under FI and DS (data not shown).



When analyzing the harmful effects of water deficiency on the second-order traits, it was observed that TL (−3.51%), NTB (−7.02%), PH (−7.94%) and SDM (−14.76%) were least affected. Irrigation was interrupted in the pre-anthesis period (Figure 1) and, according to Durães et al. (2004) [6], plants at this stage are near the end of vegetative development, and the traits mentioned were affected little by DS. Greater alterations or effects on the means were observed for ASI (25.53%), SPAD (29.31%) and CTD (87.51%) (Figure 3). The ASI values tend to increase under DS in the pre-flowering phase, since the number of days until anthesis remains relatively unchanged (compared to stress-free environments), but there is a delay in the style–stigma release of the ears, increasing the interval between male and female flowering. The means for SPAD decrease more rapidly under DS [9], since severe water deficiency can cause chlorophyll degradation in leaves [36]. Water stress induces leaf stomatal closure, reduces transpiration, and consequently decreases water loss [37]. As a result of stomata closure (reduction of transpiration), the leaf temperature rises [9,10,38], resulting in higher estimates of trait CTD (Table 1).



It is important to describe the biological impact on the root system of popcorn lines under water stress. There was an increase in the root angle (24.54%) in relation to the soil, indicating that the roots grew towards more vertical layers to capture water in distant profiles. According to Trachsel et al. (2011) [27], genotypes that have larger angles (about 90% in relation to the soil), in drought conditions, direct the root growth to the deeper layers of the soil and have advantages for finding water in depth. Morphological adaptation was also observed in CRV and TRV, which increased by 44.89% and 17.24%, respectively (Figure 3). A higher root/shoot ratio is considered a mechanism to increase drought tolerance [19,39], confirming our observations, in that CRV and TRV increased significantly and SDM remained unchanged. Molecular studies show that the accumulation of terpenoid phytoalexins in maize roots is associated with drought tolerance [19]. Promising traits for the selection of plants with higher water status in dry conditions are root weight density and root length density [40].



The success of path analysis depends on two main factors: composition of the causal diagrams and diagnosis of multicollinearity of the data [21,30]. Thus, it was verified that the diagram used, divided in two orders, allowing us to explain most of the 100% (R2) variation in EPV (Table 2). The use of standardized data to obtain the path coefficients can result in correlation components with values greater than unity and, therefore, R2 values can also reach estimates higher than one [21,30]. R2 values above 1.00 in path analysis can be observed, as highlighted by Silva et al. (2012) [30]. The collinearity test for the main and the primary variables resulted in 73.37 under DS and 50.36 under FI, and in the second order, which includes the main and secondary variables, in 90.77 under DS and 63.36 under FI (data not shown), with weak multicollinearity (<100) in all cases. This condition indicates no problems for path analysis, making the presented results reliable.



Under DS, the traits EL (0.71), ED (0.45), NGR (0.92), and PRO (0.65) (first order) had a marked total effect on EPV, suggesting them as promising for indirect selection. When considering only the direct effects of these traits on EPV, a more marked effect via NGR (2.65) is observed, indicating a promising path. The traits EL, ED and PRO had a negative direct effect on EPV, indicating that they are non-essential variables to increase EPV, and consequently, of no avail for selection. The positive effect of EL, ED and PRO was due to indirect effects via NGR (Table 2). The traits with high correlation with the main variable, however with unfavorable direct effects, indicate the absence of cause and effect. These traits cause no alterations in the main variable, and others can have a greater impact in terms of selection gain.



Along the path from the first order of variables to the second, considering only NGR, the traits TL (0.67), PH (0.48) and SPAD (0.44) are highlighted, for having a significant total effect on NGR (Table 2), which is favorable for indirect selection. These three traits were characterized by action through a direct effect on NGR. The results of this research pinpointed these three as potential traits for the selection of more drought-tolerant plants, via NGR, to increase EPV, based on their total positive effects, direct effects and important contributions of indirect effects by other traits.



Analyzing the differential expression of TL, PH and SPAD under DS, as well as knowledge about the crop and of the main traits associated with DS, one should carefully examine the results of TL and PH (little affected). Reports in the literature suggest that a larger tassel size and greater number of tassel branches tend to reduce grain yield, due to the reduction in sunlight interception by the flag leaves (self-shading) and competition for photoassimilates by different plant structures [31]. Plant height is frequently positively correlated with grain yield in popcorn [24,41] and maize [17,42]. On the other hand, higher SPAD values reflect an intensified activity of the photosynthetic machinery, particularly under DS [9,36]. Therefore, the trait SPAD can be considered as relevant for the selection of genotypes with higher EPV under DS.



Under FI, the first-order traits EL (0.53), ED (0.47) and NGR (0.88) had a positive overall positive effect on EPV, suggesting that indirect selection with these traits can be efficient. When considering only the direct effects on EPV, a marked effect is observed via NGR (1.06), reinforcing the importance of this trait. The traits EL and ED had no direct effect on EPV (Table 2), eliminating them from selection. The positive effect of EL and ED is provided by indirect effects via NGR (Table 2), indicating the absence of cause and effect in EPV.



Moving along the path from the first-order variables to the second group, under FI, the traits TL (0.79), PH (0.61), CTD (0.44), and CRV (−0.46) had significant total effects for NGR (Table 3). The effect of TL on NGR was mainly due to the direct effects (1.17) of the first trait on the second. The other traits (PH, CTD and CRV) expressed an effect on NGR, mainly due to indirect effects via TL. Lower indirect effects via SPAD on the total effect of PH on NGR were also observed. Trait TL is highly relevant in the selective process to increase EPV under FI. Interestingly, more robust plants, i.e., with tall stature and longer tassel length, were associated with higher EPV values. Under DS however, the trait TL must be treated with caution, since genotypes with shorter tassel length are recommended for selection [15].



Under FI, the association of SPAD with NGR was not very high, since leaf senescence in this water condition is slower (Table 1). According to Cairns et al. (2012) [9], the same genotypes have the highest SPAD values under FI and DS and under both water regimes, SPAD is positively correlated with grain yield. If the total and direct effects of SPAD on EPV are considered (Table 4), the former becomes promising for the discrimination of drought-tolerant plants. This information, along with the fact that SPAD is free of GE interaction (Table 1), supports the now established hypothesis that SPAD can be used for discrimination under FI as well. The easy measurement of SPAD (non-destructive and rapid—2 to 3 s per measurement) and the possibility of an indirect measurement of chlorophyll content by equipment of precision agriculture (satellites and aircraft equipped with remote sensors) will favor a rapid phenotyping of genotypes with greater drought tolerance.



The trait SPAD was evaluated 35 days after irrigation suspension; in absolute values, with general means of 45.99 under FI and 32.51 under DS (Table 1). This trait is an important tool in the diagnosis of plant stress [9,36]. In maize, SPAD values are correlated with chlorophyll content, photosynthesis and maximum quantum efficiency of photosystem II (Fv/Fm); high values of this trait indicate the non-degradation of chlorophyll and can be used to estimate the photosynthetic capacity under FI and DS [9,36]. A longer photosynthetically active canopy optimizes photoassimilate production, which is reflected in higher final grain yield [9,43,44]. Genotypes with late or late leaf senescence may increase carbon fixation [44]. A secondary role of the canopy with higher SPAD values is the storage of N (as a protein) and the subsequent effective remobilization of this N to the grain during physiological maturation [44].



The trait canopy temperature has been widely investigated to study the genotype response to DS [45], and it was shown that the genotypes selected as DS-tolerant in terms of absolute yield had the lowest canopy temperature in the time around midday, with high solar radiation [10,38]. This allowed the assumption that in more DS-tolerant genotypes (higher EPV), the leaf temperature would be lower in the time around midday, under a clear sky without clouds, as shown in thermal images, and reflected in CTD values. In this study, only one negative and non-significant estimate was found, between EPV and CTD under DS. Variation in corn leaf temperature in response to drought is closely related to biomass accumulation [37]. Under water stress conditions, higher leaf temperatures provide reduced transpiration as a water-saving strategy, which results in low relative leaf water content [46] and low cell membrane stability, supported by a significantly higher injury rate [47]. According to Zia et al. (2013) [10], the lower canopy temperature along with a satisfactory grain yield is probably associated with a more efficient or more developed, i.e., deeper root system. Similarly, Kaman et al. (2011) [38] demonstrate that higher grain production is associated with lower leaf temperature, combined with a more developed root system.



Therefore, the identification and understanding of root phenotypes associated with greater drought tolerance was studied to provide additional information for breeding programs. A root ideotype for maize plants was proposed by Gao et al. (2016) [48], based on three traits: steep, cheap, and deep. The authors appointed “cheap” as representing a low metabolic cost of soil exploration; “deep” referring to the capacity to reach deep soil regions and “steep” indicating angles of root growth of around 90º, in relation to the soil. These three traits are associated with a lower number of crown roots, which have a greater capacity of length development [48]. In this study, the results for the traits RA, CRV and TRV were not correlated with EPV. Trait CRV was negatively associated with EL, ED and NGR, denoting that a lower root volume (product of root number and density) promotes increases in EPV components, confirming the assumption of Gao et al. (2016) [48]. It is presumed that there is an association between EPV and the “deep” root component, a trait not evaluated in this study, due to the difficulty of field measurement.



As contributions to popcorn breeding, with a view to increase EPV under DS, it is recommended to use the trait SPAD, via NGR, to facilitate selection, since both are decisive for the expression of EPV. Based on simple correlations, SPAD was considered a reliable trait for selection for DS tolerance in maize [9]. In addition, NGR is a trait frequently associated with higher yields [24]. The use of easily measurable and highly responsive traits can increase the efficiency of selection under stress conditions [35]. According to Edmeades et al. (1999) [31], under DS, a suitable trait is one with high heritability, measured easily and at low cost, and genetically associated with the main variable. Brestic et al. (2018) [49], evaluating wheat genotypes, maintain that selection for higher grain yield, including tolerance to non-ideal conditions, must be accompanied by increased photosynthetic productivity, which is accompanied by higher CO2 assimilation rate, electron transport rate and maximum carboxylation rate, as well as more tolerant photosynthetic thermostability.



Thus, the traits NGR and SPAD were identified as a feasible option to obtain correlated responses by indirect selection. Considering that these traits are also free of GE interaction, it is believed that under FI and DS, indirect selection via SPAD and via NGR will lead to increments in EPV. Therefore, it is proposed to measure these traits in popcorn breeding programs systematically, with the goal of breeding higher-yielding and more DS-tolerant genotypes. To ensure adequate food supply for the global population, three challenges should be considered, namely increasing production potential, protecting production potential and increasing resource efficiency to ensure sustainability [44]. This research provides results in order to increase water-use efficiency.




5. Conclusions


The agricultural, morphological, physiological and root architecture traits used in path analysis explained sufficiently the variation observed in the trait expanded popcorn volume per hectare, in water conditions with and without water stress. Indirect selection using SPAD and number of grais per row will promote increases in expanded popcorn volume per hectare under both water regimes, and is therefore indicated as an option to be exploited in popcorn breeding programs.
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Figure 1. Soil water potential (−kPa) of full irrigation (FI) and drought stress (DS) during irrigation suspension. The male flowering date occurred precisely on 24 June 2016, representing 67 and 61 days after sowing, for both late and early genotypes, respectively, and is represented on day zero. 
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Figure 2. Causal chain graph showing the interrelationship of the main variable expanded popcorn volume per hectare (EPV) with the primary variables—100-grain weight (100GW), ear length (EL), ear diameter (ED), number of grains per row (NGR), and prolificacy (PRO)—and secondary—range between male and female flowering (ASI), tassel length (TL), tassel branch number (NTB), plant height (PH), shoot dry matter (SDM), green index (SPAD), canopy temperature depression (CTD), root angle (RA), crown root volume (CRV) and tap root volume (TRV). 
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Figure 3. Relative percentages of the means evaluated in the water condition with drought stress (DS) in relation to the means without water restriction (FI), for the main variable EPV and for the agricultural, morphoagricultural, physiological and root traits, evaluated in popcorn. 
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Table 1. Summary of analyses of variances in popcorn lines under full irrigation (FI) and drought stress (DS), genotype–environment (GE) interactions, general means, standard deviations (SD), coefficients of environmental variation (CVe), coefficients of genetic variation (CVg) and heritability (H2), for agricultural, morphological, physiological and root architecture traits.
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Traits

	
Water Condition

	
F Test

	
GE

	
Mean ± SD

	
CVe%

	
CVg%

	
H2






	
EPV

	
DS

	
9.52 *

	
1.92 *

	
23.82 ± 5.75

	
23.63

	
39.83

	
89.5




	
FI

	
3.59 #

	
74.79 ± 19.94

	
26.94

	
25.07

	
72.21




	
100GW

	
DS

	
10.46 #

	
1.52 ns

	
9.69 ± 0.73

	
7.50

	
13.32

	
90.44




	
FI

	
3.20 #

	
12.67 ± 1.31

	
10.36

	
8.87

	
68.76




	
EL

	
DS

	
5.40 #

	
0.80 ns

	
12.63 ± 1.07

	
8.47

	
10.26

	
81.49




	
FI

	
6.82 #

	
12.72 ± 0.90

	
7.10

	
9.9

	
85.34




	
ED

	
DS

	
7.28 #

	
1.34 ns

	
27.94 ± 1.66

	
5.94

	
8.6

	
86.28




	
FI

	
7.38 #

	
29.12 ± 1.