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Introduction

With dwindling global freshwater supplies and increasing water stress, agriculture is coming under increasing pressure to reduce water use. Plant breeding requires high analytical capabilities. For this reason, near-infrared spectroscopy (NIRS) has been used to develop prediction equations for whole-plant samples, particularly for predicting dry matter digestibility, which has a major impact on the energy value of forage maize hybrids and is required for inclusion in the official French catalogue. Although the historical NIRS equations have long been used routinely in seed company breeding programmes, they do not predict all variables with the same accuracy. In addition, little is known about how accurate their predictions are under different water stress-environments.





Methods

Here, we examined the effects of water stress and stress intensity on agronomic, biochemical, and NIRS predictive values in a set of 13 modern S0-S1 forage maize hybrids under four different environmental conditions resulting from the combination of a northern and southern location and two monitored water stress levels in the south.





Results

First, we compared the reliability of NIRS predictions for basic forage quality traits obtained using the historical NIRS predictive equations and the new equations we recently developed. We found that NIRS predicted values were affected to varying degrees by environmental conditions. We also showed that forage yield gradually decreased as a function of water stress, whereas both dry matter and cell wall digestibilities increased regardless of the intensity of water stress, with variability among the tested varieties decreasing under the most stressed conditions.





Discussion

By combining forage yield and dry matter digestibility, we were able to quantify digestible yield and identify varieties with different strategies for coping with water stress, raising the exciting possibility that important potential selection targets still exist. Finally, from a farmer’s perspective, we were able to show that late silage harvest has no effect on dry matter digestibility and that moderate water stress does not necessarily result in a loss of digestible yield.
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1 Introduction

French selection criteria for forage maize in the second half of the 20th century were mainly centred on agronomic performance, including yield, precocity, disease and lodging resistance. The adoption of earlier-flowering hybrids, particularly well-suited to the Northern milk-production regions, increased cultivation surfaces from 350,000 ha in the 1970s to over 1.5 million ha in 2016. Over the same period, whole plant yield increased from 6 tons of dry matter (DM)/ha to over 20 tons DM/ha thanks to genetic progress (Baldy et al., 2017). These criteria were officialised in 1986 by the opening of a “forage maize” section in the official French maize hybrid registration catalogue (Surault et al., 2005).

The primary use of forage maize remains that of being the main element of animal feed. This capacity is quantified via a translation into energetic values. Net energy is traditionally expressed in France via a “barley feed unit” system wherein one kilogram of barley fed to the animal is equivalent to one Unit of Feed representing 1,760 kcal (“Unité Fourragère”, UF) (Vermorel et al., 1987). For milk production, we talk about “Unité Fourragère Laitière” (UFL). The first prediction models for UFL values were established by Andrieu, 1995. They consisted of a set of four different models, of which the M4 model was retained as the most accurate. This model was updated by Peyrat et al., 2016 to the M4.2 model, which remains the standard industry-wide model to date. This equation consists of two main variables, protein content (MAT) in g/kg of organic matter (OM) and DM digestibility in percentage of DM:

	

According to the equation, the UFL value is much more dependent on the DM digestibility value than on MAT. Relations between UFL and DM digestibility, therefore, are almost always highly correlated (Baldy et al., 2017), and the low variability of the MAT value in modern hybrids often results in the equation being predicted using only the DM digestibility value.

Modern forage maize hybrids typically vary between a UFL value of about 0.86 and 0.92 (Baldy et al., 2017), a small variation that can have a significant impact on milk production, as a 0.05-point variation in UFL represents around 1.8 kg of milk per cow per day (Barrière, 2000). Although forage digestibility (and, by consequence, UFL value) was established in the 1980s, little work was done to incorporate it into selection. Between 1985 and 2000, genetic progress resulted in significant productivity increases and resistance to fall, probably due to an increased priority on grain value. During the same period, registered hybrids were on average 0.05 UFL points weaker than previously registered varieties (Barrière, 2000). A large number of studies have shown that DM digestibility, and therefore UFL, is controlled by cell wall (CW) content on the one hand and its digestibility on the other. Thus, CW digestibility (often measured as in vitro digestibility of CW residue, hereafter referred to as CW digestibility) is highly correlated to DM digestibility and UFL (Baldy et al., 2017). CW of modern hybrids was found to be 5.5 points less digestible compared to hybrids from the 1950s, resulting in a 2-point reduction in OM digestibility. This finding coincided with a 5-point increase in DM yield over the same period (Barrière et al., 2004). In 1998, to counteract this continuous decline in forage quality, the UFL value was included as an acceptance criterion to the official forage maize hybrid catalogue, replacing the minimum grain yield criterion (Perspectives Agricoles, n° 330). The impact of these new mandatory criteria was not immediate: the UFL value of new hybrids continued to decline until 2007 and then slowly increased until 2014-2015 (Surault et al., 2005; Baldy et al., 2017).

The new high-throughput in vitro methods (Lopez-Marnet et al., 2021), although far simpler and more efficient than the original in vivo digestibility methods, are still considered insufficient to cope with the large number of samples and limited time schedule required to predict UFL values in the modern hybrid selection procedure. Near-infrared spectroscopy (NIRS) has long been favoured in the agricultural sector because of its ability to determine a wide range of parameters. Their use in the forage maize market first began in the Americas (Norris et al., 1976; Valdes et al., 1987), using the equation of Norris et al., 1976, with specific attention to the CW-related parameters. For the French market, developments with predictive equations for OM digestibility started at the “Centre wallon de Recherches agronomiques” (CRA-W) in Gembloux in collaboration with the French seed company Limagrain (Biston and Dardenne, 1985). This first equation showed relatively good correlation values (r2 = 0.6; Biston et al., 1989) after calibration on caged-sheep experiments. The current industry-standard CRA-W Gembloux equations consist of thousands of data points that are intended to represent a wide range of genetic and environmental diversity. However, the current equations do not accurately predict all variables with the same level of precision (Mentink et al., 2006). In general, DM constitution and parameters are accurately predicted (DM digestibility r2 = 0.9; Andueza et al., 2011) and with low error rates. Difficulties were particularly noted in predicting neutral-detergent fiber (NDF) and its digestibility (Mentink et al., 2006; Bastianelli et al., 2019). This is particularly problematic for selection programs: as previously shown, these parameters influence OM digestibility and overall quality of forage maize, but are insufficiently considered in selection programs partly for this reason (Barrière et al., 2004).

At last, these considerations, whether they relate to agronomic traits such as yield or to silage quality traits such as DM digestibility, must be placed in the current context of climate change. Indeed, future climate projections indicate a substantial increase in the frequency and intensity of drought events (Lemaire, 2008; Harrison et al., 2014). Even if the 2°C warming target set by COP26 were met, a large proportion of French forage maize growing areas would suffer from drought (Roudier et al., 2016). Forage maize is particularly sensitive to water stress during the female flowering stage (Bänziger et al., 2000) which occurs in mid-July, and is therefore at risk of yield loss during this period (Salter and Goode, 1967). With the world’s dwindling freshwater supplies and increasing occurrences of water stress, agriculture is rapidly coming under increasing pressure to reduce water consumption while maximising use efficiency (Tester and Langridge, 2010; Messina et al., 2020). While the effects of such stresses on yield and plant health are well studied (Harrison et al., 2014; van der Velde et al., 2012), little is known about how water stress affects energy values of forage maize hybrids and how efficient biochemical and NIRS predictive values are under these highly contrasting conditions.

Here, we investigated the effects of water stress and stress intensity on agronomic, biochemical, and NIRS predictive values in a set of 13 forage maize varieties representative of the French S0-S1 market grown under four different environmental conditions resulting from the combination of a northern and a southern location and two monitored water stress levels in the south. We showed that agronomic performance gradually decreased as a function of water stress, while both DM and CW digestibilities increased regardless of the intensity of water stress, with variability among the tested varieties decreasing under the most stressed conditions. We also showed that the NIRS-predicted values were affected to varying degrees by environmental conditions. Finally, by combining yield and DM digestibility, we were able to quantify digestible yield and identify varieties with different strategies for coping with water stress.




2 Materials and methods



2.1 Hybrid material and field trials

Thirteen early-flowering forage maize hybrids (S0 and S1 earliness groups) were selected from the 2021 ARVALIS - Institut du végétal Post Inscription Evaluation Network to maximise variability between yield and UFL, while representing the French forage market through eight different breeding companies (Supplementary Table 1).

The hybrids were grown in two INRAE experimental units (EU) in France during the 2021 growing season: Versailles-Saclay EU (Versailles; GPS, N: 48’48”33.391/E: 2’5”7.237) and DiaScope EU (Mauguio; GPS, N: 43’36”52.438/E: 3’58”34.419), hereafter referred as “Versailles” and “Mauguio” for simplicity. While Mauguio is not a typical forage maize growing area, the Mediterranean climate at this location increases the probability of natural water deficits. Fields were sown at Versailles on April 28 and at Mauguio on May 7. Each line was grown in two lines and a planting density of 100,000 plants/ha. A total of five growing conditions were established at both sites:

	Two harvest stages in Versailles with irrigation by rainfall only, the amount of which could be monitored by a nearby climatic station and was sufficient during the flowering period (Supplementary Figure 1): a regular harvest with 32% DM content (RW) and a late second harvest with 40% DM (RW.40).

	Three different irrigation conditions in Mauguio piloted thanks to the use of tensiometers: a well-watered condition (WW) with ramp irrigation three times a week with 20 mm of irrigation, a moderate water deficit condition (WD1) with ramp irrigation of 15 mm when hydric tension reaches –125 kPa, a severe water deficit condition (WD) with ramp irrigation of 13 mm when hydric tension reaches –300 kPa.



When conditions are grouped in the following text, the two-water deficit (WD and WD1) conditions are referred to as “dry” and the three rainfall (RW, RW.40 and WW) conditions are referred to as “wet”. Hydric tensions were tracked at Mauguio using pairs of tensiometers in each block per condition at -30 and -60 cm depth, and pluviometers. These were always placed under the same hybrid to capture the field effect. Both tension and rainfall quantities were tracked daily (Figures 1A, B) to determine the irrigation needs.




Figure 1 | Harvest conditions and resulting effects on key agronomic parameters. (A) Main climatic and maintenance data related to the five different conditions studied. (B) Water balance sheet generated by the Irrélis irrigation advice software (Arvalis – Institut du vegetal) for the Mauguio field trials. The data shown were measured on variety 8 in the WW condition. (C) Representative photo of the resulting plant heights for the variety 4 under the three conditions at Mauguio. (D) Anthesis-silking interval for each variety in Mauguio and Versailles. (E) Mean plant height in cm at harvest from the four conditions at Mauguio and Versailles. (F) Mean yield in tons of DM per ha for all varieties under the five conditions in Mauguio and Versailles. The bars represent the means and the error bars indicate the standard error margins.



Each condition at Mauguio was sown in three blocks of two lines per hybrid per condition, with all conditions separated by a 20-meter border to avoid accidental irrigation of deficit conditions. Versailles was sown in the same way. Blocks were randomised within each condition in incomplete Latin squares.




2.2 Agronomic analysis

Several key agronomic variables were selected for measurement per block and variety for the field trials. Male (when half of the given plants contained 2/3 open pollen pods on the tassels) and female (when half of the given plants contained visible silks) flowering was first recorded to determine the anthesis-silking interval (ASI). Plant height was also measured at the silage stage and averaged per block and variety by harvesting two homogeneous plants per line at ground level, giving a total of four plants per block and variety and condition. Furthermore, yield was estimated by grinding the same plants used for height measurements to determine the total aboveground wet biomass per hybrid and block. Plants were weighed using a precision industrial scale. After grinding in a Viking GE 355, a representative sample of 300 to 400 g was dried in a forced-air oven at 55°C for 72 h and grounded with a hammer mill (1 mm grid) for further use as biochemical samples and for determination of the percentage of DM.




2.3 Biochemical analysis

All samples were analysed for DM digestibility values as described in Lopez-Marnet et al., 2021. The most representative of the three available blocks for the five conditions was selected after principal component analysis of agronomic, DM digestibility, and NIRS values. CW residue (CWR) was extracted by the Soxhlet water/ethanol method (Effland, 1977), which allowed determination of calculated CW digestibility (Argillier et al., 1998) as follows: calculated CW digestibility = (100*(DM digestibility-(100-CWR))/CWR). The same method used to measure DM digestibility was repeated on the CWR samples to obtain measured CW digestibility values. Lignin content was measured through acetyl bromide (ABL) dosing using a method adapted from Fukushima and Hatfield (2001). The digestible yield was estimated by calculating the amount of digestible tons of DM/ha as follows: digestible yield = yield * (DM digestibility/100).




2.4 Construction of homegrown NIRS predictive equations on whole plant samples

We developed NIRS predictive equations to predict CW content, lignin content in CW, and DM and CW digestibilities of whole-plant forage maize samples. Calibration samples (218 in total) were selected from whole-plant samples of modern S0-S1 hybrids harvested at silage stage in 2018, 2019 and 2020 in different areas in northern France representative of the forage maize growing region. Biochemical quantifications were performed on the calibration samples following the same biochemical protocols as described above. Simultaneously, NIRS spectra were acquired on these 218 samples using a ThermoFisher Antaris II. Among them, 168 were used to generate the predictive equations, and 50 samples were used for external validation to assess the quality of these emerging equations (Table 1).


Table 1 | DM and CW-related features measured in the laboratory, with their associated NIRS prediction equation features for the IJPB equation.






2.5 NIRS predictions with two set of NIRS predictive equations

Predictions were made using two distinct NIRS equation systems, one developed by the CRA-W (Dardenne et al., 1993) and the other developed by the INRAE IJPB in Versailles and presented above, hereafter referred to as the “CRA-W equation” (abbreviated “CRA-W” in variable names) and “IJPB equation” (abbreviated “IJPB” in variable names), respectively. Both the CRA-W and IJPB equations often predict the same variables but with some special features (Supplementary Table 2), mainly due to CRA-W’s use of the Van Soest chain (Dardenne et al., 1993), which leads to a different quantification of CW as NDF and of the lignin content as Van Soest lignin content. The DM and calculated CW digestibility quantification are completely comparable between the two set of equations. On the other hand, the estimation of the measured CW digestibility is an important specificity of the NIRS equations developed at IJPB.




2.6 Statistical analysis

Data were statistically analysed using R 4.2.1 with the Rstudio interface (R Core Team, 2022; R Studio Team, 2022) and the Expé-R interface (ARVALIS, 2022a). Data were averaged across the three blocks for each variety per condition when possible. All data management was performed using tidyverse (Wickham et al., 2022). Data normality was checked using the Shapiro-Wilk test and residual dispersion analysis. ANOVA analysis was generally performed using a linear model that accounted for variety and condition. In cases where a column or row effect was detected, a linear model accounting for the relevant cofactor was implemented as follow:

	

where Yijkl is the value for the given trait of the ith Variety in the jth Condition localized in the kth column and the lth row in the field. In this mode, µ is the intercept. An F test for interactions was performed to determine whether the additive model could be retained as previously described (Virlouvet et al., 2011). The significance levels for ANOVA, Tukey, and Pearson analyses were always set at 5%, unless otherwise stated. All correlations presented are first reported with the linear R2 value, as well as the significance value of the Pearson correlation. Residual standard deviations (RSD) were also calculated for most parameters.

Bar plots and dot plots were generated using the ggplot library (Wickham, 2016). When sufficient data points were available, error bars were added using the standard error values of each variable. Linear correlations were calculated using ggpubr (Kassambara, 2020), and Pearson correlations with their associated p-values were calculated using the ggcorr and corrplot packages (Kassambara, 2022; Wei and Simko, 2021).





3 Results



3.1 Water stress impacts on key agronomic traits

To quantify the effects of different water conditions on 13 hybrids representative of the French silage hybrids market, we evaluated three important agronomic traits (ASI, plant height, and DM yield) at three different water stress levels (no, moderate, and severe water stress, denoted WW, WD1, and WD, respectively) at Mauguio compared with rainy weather (denoted RW and RW.40) at Versailles (Figures 1A–C and Supplementary Figure 1). Although there were two harvest stages at Versailles, both had the same agronomic values except for yield, so we considered only the RW condition for the other traits.

First, we found a significant interaction between variety and condition for ASI (Figure 1D and Supplementary Table 3). The four conditions were divided into three distinctly different homogeneous groups from highest to lowest mean interval length: WD (2.33 days), WD1 with WW (0.87 and 0.74 days, respectively), and RW (-1.23 days) (Supplementary Table 4). The different varieties were also divided into three distinct categories (Supplementary Table 4): those with a longer interval only under the WD condition (varieties 4 and 11), those comparable under all Mauguio conditions but differing at Versailles (varieties 2, 5, 6, and 13), and the last final and largest group with much more mixed groups with a progressive decrease in ASI from the most to the least stressed (varieties 1, 3, 7, 8, 9, 10, and 12).

We also found a visible effect of the different irrigation conditions on plant height (Figures 1C, E). On average, plants reached 301 cm under the RW condition, lost 37 cm (264 cm) when switching to the WW condition, then another 53 cm (211 cm) under the WD1 condition, and, finally, another 42 cm (168 cm) under the WD condition. The ANOVA analysis revealed a significant interaction between variety and condition for these results (Supplementary Table 3), with each condition forming a distinct group that differed significantly in the order of their average height (Supplementary Table 5). Most varieties followed this order exactly with exception of variety 13, which did not differ in height between the WW and RW conditions.

Under the RW and WW conditions, yield was consistently similar across the different varieties, with corresponding averages at 16.69 and 17.36 tons of DM/ha (Figure 1F). The later harvest at 40% DM increased this yield to 18.38 tons of DM/ha. The WD condition reduced this yield to an average of 10.2 tons of DM/ha, partially restored under the WD1 condition by increasing to 14.29 tons of DM/ha. Significant variety and condition effects were found, but the interaction between variety and condition was not significant (Supplementary Table 3). It is worth noting that no difference was found between RW.40 and WW conditions and between WW and RW conditions (Supplementary Table 6).




3.2 Water stress significantly increases digestibility while decreasing yield, while a higher percentage of DM content at harvest has no effect on digestibility

Because the criterion for quality of French forage maize is UFL, which is mainly determined by DM digestibility, we measured DM digestibility for all blocks for each variety under all conditions (n = 195) (Figure 2A). We found a strong condition effect alongside a smaller variety effect on DM digestibility (Supplementary Table 3). We also identified a total of three Tukey groups for the condition effect (Supplementary Table 7) in order from most to least digestible: (1) both water deficit conditions with nearly identical DM digestibility (mean DM digestibility for WD 73.33%DM and for WD1 73.68%DM), (2) WW alone (69.5%DM), and (3) both the RW (67.32%DM) and RW.40 (66.81%DM) conditions. Furthermore, there was a combined decrease in yield (average decrease of 7 points) associated with an average increase in DM digestibility of 4 points under the WD condition, while yield increased by more than 3 points under the WD1 condition, while the three wet conditions all appeared to be less digestible but more productive (Figure 2A). Some varietal effect was also found: genotype 5, for example, gained 8 points in DM digestibility and 3 points in yield in WD1 compared to WW. In contrast, variety 13 gained 3 points in DM digestibility, but lost 5 points in yield. A decrease in variability for both factors was also observed in WD condition compared to WW. This variability was partially restored in WD1, which was able to combine the good digestibility of WD with a higher yield.




Figure 2 | Effect of water deficit on DM digestibility, its combination with yield, and its relationship to measured CW digestibility. (A) DM digestibility to yield per variety under the five conditions. (B) Digestible tons of DM per ha averaged per condition for each variety under four conditions. (C) Relationship between laboratory measured DM digestibility and measured CW digestibility on a single representative block. Bars represent means and error bars represent standard error margins. Linear equation values are proceeded by Pearson correlation significance symbols: P<0.1:.; P<0.05: *; P<0.01: **; P<0.001: ***.



Determination of digestible yield suggested a varietal effect, with certain varieties showing similar digestible yield under the WD1 condition as under the wet conditions (Figure 2B). As with the yield data, no interaction between variety and condition was found, although there was a significant effect for both separate factors (Supplementary Table 3). It is noteworthy that no significant difference was found between conditions WW and RW.40 (Supplementary Table 8).

To begin assessing the impact of CW on digestible yield, we retained a block, determined to be representative of the other two, to assess measured CW digestibility. We first observed an increase in CW digestibility under stress conditions, increasing from an average of 31.31 in WW to 34.63 in WD1 to 36.34 in WD (Figure 2C). No major difference was found between the various wet conditions. When compared to the corresponding DM digestibility values, we found significant correlation across all five conditions (P <0.1), with R2 values ranging from 29 to 57% depending on the condition. The decrease in variability with increasing water stress observed in Figure 2A also appeared to be lost for measured CW digestibility, with values evenly distributed across conditions.




3.3 NIRS predictive equations accurately measure both DM and CW digestibilities

While the biochemical results mentioned above are precise and repeatable, they lack the necessary throughput needed for selection programs and quality observations. Therefore, although certain protocols have achieved “high-throughput” status, NIRS still remains the preferred method to measure various DM- and CW-related parameters and constitutions, although some work is still needed to affine these predictive equations. Consequently, we compared the predictive power of an older and extremely well-tested CRA-W equation with our own emerging IJPB equation for biochemical values measured under four of the five original conditions (Table 1 and Supplementary Table 7). The lack of a significant difference between the two Versailles conditions (Supplementary Table 7) prompted us to continue all further analyses, after removing the RW condition while retaining the RW.40 condition, which was more similar to the conditions found at Mauguio in terms of maturity stage.

Both equations were found to predict the biochemical values of DM digestibility with high accuracy under most conditions (most R2 values ranged from 62 to 83% per condition, and overall tested environments combined produced significant correlations with values of 86% and 87% for CRA-W and IJPB, respectively) (Figures 3A, B). It is worth noting that no equation managed to predict DM digestibility values in the WD condition. It was also found that both equations correlate strongly with each other, with a slight drop in accuracy in the WD condition (Figure 3C).




Figure 3 | Prediction accuracy of CRA-W and IJPB NIRS predictive equations for both DM and CW digestibilities under different hydric conditions. (A) Relationship between DM digestibility predicted by CRA-W and DM digestibility measured in the laboratory. (B) Relationship between IJPB-predicted and laboratory-measured DM digestibility. (C) Relationship between the two predicted means from the IJPB and CRA-W equations for DM digestibility. (D) Relationship between laboratory-calculated CW digestibility and CRA-W-predicted CW digestibility. (E) Relationship between laboratory calculated mean CW digestibility and IJPB-predicted calculated CW digestibility. (F) Relationship between IJPB-predicted calculated CW digestibility and CRA-W-predicted CW digestibility. The dots denote the ratio values for the individuals, unless they are given as mean values, in which case they represent the mean values of the 3 blocks. Linear equation values are proceeded by Pearson correlation significance symbols: P<0.1:.; P<0.05: *; P<0.01: **; P<0.001: ***. The error bars represent the standard error margins.



Regarding the calculated CW digestibility values, we first noticed a decrease in the prediction accuracy: most R2 values were between 32 and 33% (with significantly correlated condition-combined values at 57% and 56% for CRA-W and IJPB, respectively) (Figures 3D, E). The CRA-W equation appears to be more precise for the calculated CW digestibility, providing significant correlations within each condition, while the correlations produced by the IJPB equations in WD, WD1, WW and RW.40 were insignificant. Similarly, to the DM digestibility, both equations correlated significantly with each other, except for the WD condition (Figure 3F).

In parallel with the calculated CW digestibility prediction equation, we developed a predictive equation for measured CW digestibility. This measurement provides a much more accurate representation of the true digestible fraction of CW and is therefore a better criterion for improving DM digestibility. While the CRA-W equation did not predict measured CW digestibility, the IJPB equation did. Depending on the condition, the values predicted from this measurement correlated relatively well with the biochemical values (Figure 4A). While no significant correlation was found for the WD and RW.40 conditions, the correlation for the other two conditions typically ranged from 35 to 61% (condition-combined at 33%). One might assume that the two predicted versions of the calculated and measured CW digestibility would correlate relatively well, but we found that this was not the case: correlation values between the two measurements varied significantly depending on the condition considered (Figure 4B). No significant correlation was found under the WD condition, and the correlation values ranged from 24 to 58% depending on the condition considered, but dropped to 7% when all conditions were considered.




Figure 4 | Lignin content and its role in CW digestibility and prediction of the relationship. (A) Relationship between laboratory-measured CW digestibility and IJPB-predicted measured CW digestibility. (B) Relationship between mean IJPB-predicted values for measured CW digestibility and IJPB-predicted calculated CW digestibility. (C) Relationship between laboratory-measured lignin content and IJPB-predicted lignin content. (D) Relationship between laboratory-measured lignin content and laboratory-measured CW digestibility on a representative block. (E) Relationship between mean IJPB-predicted values for lignin content and IJPB-predicted measured CW digestibility. (F) Relationship between CRA-W-predicted lignin content and CRA-W-predicted calculated CW digestibility. The dots denote the ratio values for the individuals, unless they are given as mean values, in which case they represent the mean values of the 3 blocks. Linear equation values are proceeded by Pearson correlation significance symbols: P<0.1:.; P<0.05: *; P<0.01: **; P<0.001: ***. The error bars represent the standard error.






3.4 Heading deeper into the CW seems to reduce NIRS accurateness

To better understand and thus improve the variations in digestibility of DM and CW, it is necessary to know the composition of this CW and, in particular, its lignin content. Consequently, high-throughput analytical methods are required to determine the lignin content. Therefore, we measured the total lignin content using the ABL method on samples from the same block used to measure CW digestibility. The IJPB equation used to predict lignin content was not very efficient and needs to be improved. In fact, significant correlations were found for only two of the four conditions in WD1 and RW.40, with a combined correlation of 18% (Figure 4C).

The effects of lignin content on measured CW digestibility were then quantified (Figure 4D). Both traits were significantly correlated in all conditions, except the WW condition, where correlation values ranged from 14 to 59%, with an overall value of 68%. This correlation was then determined with NIRS-only data using the CRA-W and IJPB equations. Although the CRA-W equation does not accurately predict the same variables, the measured CW digestibility and lignin content were approximated to the calculated CW digestibility and Van Soest lignin content, respectively, with the latter allowing determination of the more condensed lignin fraction (Zhang et al., 2011). Regardless of these changes, both equations (IJPB, Figure 4E; CRA-W, Figure 4F) find highly significant correlations between CW digestibility and lignin content, regardless of conditions, yielding values much stronger than those found in the biochemical results.




3.5 Correlations between traits reflect genetic relationships when separate conditions are considered

To visually and statistically quantify the effects of the different water conditions on the relationships between the different agronomic, biochemical, and NIRS-predicted variables examined in this study, we plotted all variables in a correlation matrix for all combined conditions (Figure 5A), the three contrasting conditions at Mauguio (Figure 5B), and each condition separately: RW.40 (Figure 5C), WW (Figure 5D), WD1 (Figure 5E), and WD (Figure 5F). Overall, we observed many more significant correlations (positive or negative) when the four (Figure 5A) or three (Figure 5B) environmental conditions were included in the analysis than when the environmental conditions were considered separately (Figure 5C through Figure 5F) and only genetic variation was included. It is also worth noting that a negative correlation between DM digestibility and yield was observed both in the matrix of all conditions (R = -0.46) and in the three contrasting conditions in Mauguio (R = -0.33). Importantly, this correlation became positive or absent when the environmental conditions were considered separately. Moreover, the correlation between measured CW digestibility and lignin content was always extremely negative, regardless of the conditions, except for the WW condition. It should also be noted that these correlations were strongly exacerbated when values were predicted by NIRS (WD -0.88 versus -0.56, WD1 -0.82 versus -0.77, WW -0.92 versus none, and RW.40 -0.85 versus -0.76).




Figure 5 | Correlation matrices for the main considered agronomic, biochemical and NIRS-predicted variables observed during the study at the different field trial locations and under different conditions. Correlation matrices for all variables considered, including some used for computational purpose only, separately for all conditions combined in (A), for all Mauguio site conditions in (B), for the main-Versailles RW.40 condition retained for the study in (C), and then separately for the three Mauguio conditions of WW in (D), WD1 in (E), and WD in (F). Pearson correlations with correlation values in black on the matrix, significance threshold P = 5%. Empty squares indicate non-significant correlations.







4 Discussion

While climate predictions generally point to a drier future, it is not yet known with full certainty exactly how dry it will be. Chaotic episodes seem inevitable, and crop conditions are therefore difficult to predict each year. It is therefore important to understand the effects of environmental conditions on yield and digestibility of forage maize. For this reason, our study relied on two locations and two water stress levels, one moderate and the other severe, which in combination represent four very different environmental conditions. During the growing season, precision instrumentation and daily monitoring in the field, where several factors, including soil heterogeneity, are not typical of greenhouse conditions and, consequently, difficult to replicate (Li et al., 2022), allowed the two water stress conditions to remain distinctly different and finely tuned, resulting in contrasting agronomic and biochemical outcomes across the four environmental conditions. Therefore, we used them to examine the effects of both stress environment per se and stress intensity on this group of traits.



4.1 Daily monitoring of moderate water stress was key to identifying varieties with different agronomic responses to water stress

It was found that the ASI properties depend on the conditions and the genotype considered. It is worth noting that the ASI was not the same in the two wet conditions: it averaged -1 day in RW, while it averaged +1 day in WW. These inverse shifts in male and female flowering could be due to thermal rather than hydric constraints, since water stress is known to increase ASI (Claassen and Shaw, 1970). However, this increase was not observed under moderate water stress. Thus, our results suggest that a threshold level of water stress must be exceeded to affect flowering, consistent with previous findings showing that the proportion of yield variation explained by individual traits is small at intermediate levels of water deficit stress (Cooper and Messina, 2023). This threshold for ASI also appears to be dependent on variety, with some individuals not being affected by water stress at all. Genotype 6 is atypical as it seemed to synchronize its flowering better under stress conditions, while it had a strongly negative ASI under irrigated conditions in northern France. It is the opposite of the majority of the hybrids studied in our work. Genotypes 3 and 4 are the perfect counterexamples with a very low ASI under wet conditions and a high ASI under intense water stress condition. Lowering ASI has long been a selection objective to reduce the risk of kernel formation failure which can lead to loss of grain yield (Robins and Domingo, 1953). Despite selection efforts, there are still differences in ASI response to water stress among hybrids, and selection efforts to stabilize this key agronomic parameter are still needed in the context of climate change.

Both plant height and yield decreased under water stress conditions in our study, and did so incrementally depending on the severity of the stress. In addition to incremental yield decline under each condition, results were also less variable as a function of stress severity. The WD1 condition allowed some yield recovery depending on the variety, with variety 11, for example, producing a sufficient yield comparable to WW results. The effects of water stress on plant height are well studied, and the results found in our study are consistent with those found in the literature for miscanthus and maize (Emerson et al., 2014; Néné-bi et al., 2022), and also for sorghum and sugarcane (dos Santos et al., 2015; Perrier et al., 2017). We hypothesize that one of the reasons for the reduction in total plant height under water stress is the reduction in internode length, as noted by Sah et al., 2020. While plant height is most likely responsible for a large part of the yield change in water stressed conditions, other factors can also be considered. Grain yield, which has been replaced by UFL in the official selection criteria for forage maize, accounts for 30 and 52% of plant biomass and is also known to be adversely affected under drought conditions (Ferreira and Brown, 2016). The greater effect on ASI in WD than in WD1, as well as the maintenance of a severe stress until silage harvest and thus during the grain-filling period, could explain the lower effects of moderate stress on yield. The increase in variability under WD1 conditions was key to this study. Indeed, while yield results under WD were nearly identical with little to no variation, the slight increase in irrigation under WD1 increased variability in results and allowed us to identify varieties with different responses to moderate stress, including potential varieties with novel responses such as those observed in varieties 5 and 11.




4.2 High-throughput NIRS predictive equations reliably predict basic forage quality characteristics, such as digestibility, but significantly exaggerate correlations between biochemical parameters

NIRS predictive equations have been developed for 50 years to predict forage quality (Norris et al., 1976) and are available for maize harvested at the silage stage to evaluate its digestibility and composition (Dardenne et al., 1993). Several authors emphasize that CW-related traits in maize stover can be accurately predicted. For example, DM and CW digestibilities are successfully predicted using several published equations (Lübberstedt et al., 1997; Riboulet et al., 2008; Jung and Phillips, 2010; Virlouvet et al., 2019), as are traits related to CW composition (Dardenne et al., 1993; Lorenz et al., 2009; Jung and Phillips, 2010; Virlouvet et al., 2019). The DM and CW digestibilities equations developed in this study also showed a good r of validation for the above-mentioned traits. In contrast, the r of validation for both ABL- and Van Soest-based lignin content was not very high and, importantly, much lower than that we developed on whole plants without ears (Virlouvet et al., 2019). This is most likely due to the lower variation in lignin content in modern French forage maize hybrids compared to the variations observed within maize inbred lines found in Virlouvet et al. (2019).

The predictive equations developed by CRA-W (Dardenne et al., 1993) for maize whole-plant samples have long been routinely used in seed company breeding programs, and we therefore decided to compare the predictive values of our young IJPB equations with those of CRA-W. Both NIRS predictive equations consistently predicted DM digestibility accurately. The IJPB equation also efficiently predicted measured CW digestibility. These predictions were affected by the different environmental conditions, and neither equation was able to correctly predict the values for the WD condition, where the variation in CW digestibility is greatly reduced. When predicting the same trait, both equations predicted values were also highly correlated with each other. It is worth noting that calculated CW digestibility was always poorly predicted by both equations despite the overall good prediction quality of these equations. Prediction accuracy increased for measured CW digestibility, which, interestingly, was itself poorly correlated with calculated CW digestibility. Although younger and a much smaller calibration pool, we found that the IJPB predictions are therefore comparable to the ones from CRA-W equation in all aspects considered in our study. In general, it is considered that the calibration set must be homogeneous. In the case of a large sample as discussed by Bastianelli et al. (2019), bases with large variability or mixtures make interesting the use of so-called “local” regression techniques (Shenk et al., 1997), which consist in searching and selecting in the samples a calibration set whose spectra are close to the sample to be predicted, and building a non permanent calibration model with this specific subset. Thus, it is certainly necessary to think differently when constructing predictive equations to accurately characterize the variability in CW composition and digestibility.

While the predictive accuracy of individual traits is useful for selection purposes and for identification of biochemical targets, the correlation between these traits is often more informative. Biochemically, we found that lignin content explains between 14 and 58% of the measured variation in CW-digestibility depending on the given environmental conditions. When we attempted to replicate this correlation with purely predicted values from the CRA-W and IJPB equations, the correlations were always highly significant and far stronger than those found biochemically. This overestimation of correlations prevents the use of predictions to find targets for digestibility improvement. For example, in WW, although the correlation between CW digestibility and lignin content is not significant when the values are estimated biochemically, this correlation reaches r² values of 0.91 and 0.74 for the values predicted by the IJPB and CRA-W equations, respectively. For the CRA-W equation, we originally assumed that this excess correlation was due to the size of the calibration data set. Our hypothesis was that in such a large calibration pool, there were likely two groups of samples for lignin content, both stressed and non-stressed samples or mature and non-mature samples, which produced a direct linear equation between the two groups. While this could explain the strong correlations in the CRA-W equation, this idea loses ground when we consider that this cannot apply to the IJPB equation, which also has strong correlations but does not include samples under stressed conditions or with different degrees of maturity. Including samples in an equation that come from a range of different stress levels, such as under WD and WD1 conditions, could potentially mitigate this problem. Another alternative, albeit a complex one, would be to create NIRS equations for different types of environments. By using a calibration set consisting solely of samples from water stressed environments, we could improve the accuracy for these conditions, provided that the traits are variable. This would require determining the various conditions that could be specified with specific stress thresholds. These results are of particular interest because selection and quality assurance programs typically consider only such correlations for evaluations, CW digestibility to lignin content (or equivalent) being a common example.




4.3 Although both DM and CW digestibilities lose variability under water deficit, they are increased under this stress condition simultaneously with a decrease in lignin content

We found that both DM and measured CW digestibility gradually increased as a function of the severity of water stress. Average DM digestibility did not change between WD and WD1, but decreased significantly under the wet conditions. The Versailles results also showed that DM digestibility was identical under RW and RW.40 conditions. Assuming the silage is well conserved, this result is reassuring from a farmer’s perspective. Indeed, the current chaotic climate often makes it difficult to predict when silage will be harvested. However, we have shown here that a later harvest (40% DM content instead of 32-34%) does not reduce DM digestibility and thus the UFL value of the forage. Interestingly, our results also indicate that genotypic variability decreases under the most stressed conditions, almost halving the spread between RW.40 and WD conditions. The WD1 condition allowed recovery of this loss of variability, as in yield. This loss was also seen in measured CW digestibility, but to a lesser extent. Lignin content was similarly affected, with lower values detected in the WD and WD1 conditions, peaking in WW and RW.40. It was also found that measured CW digestibility and lignin content were significantly negatively correlated in three of the four conditions. However, biochemically, variations in lignin content explained at most 35% (WD1 condition) of the observed variations in CW digestibility. It is noteworthy that lignin content varied by only one point and that this small variation is difficult to detect.

These results are consistent with previous work on maize inbred lines where water stress was found to have similar effects on lignin content and digestibility (El Hage et al., 2018; Virlouvet et al., 2019; El Hage et al., 2021), as well as, results observed in other grasses (Emerson et al., 2014; Sanaullah et al., 2014; Perrier et al., 2017). What is striking about the results of maize hybrids compared to those of maize inbred lines is the low variation in lignin content independent of water conditions. In Zhang et al. (2011), we intentionally selected maize inbred lines with comparable lignin content and still had a 3-point of variation in lignin content in the CW. Modern maize hybrids have very similar lignin contents and have a range of variation of about 1 point, as we have shown here and by Baldy et al. (pers comm) and Lopez-Marnet et al. (2021). Lignin content has been constrained by selection of S0-S1 maize hybrids and has likely found an optimum that provides resistance to fungal attack and lodging, high yields and good digestibility. We believe that the lack of difference in digestibility between RW and RW.40 conditions is likely due to an increase in the proportion of digestible grains that offsets the reduction in leaf and stem digestibility (Khan et al., 2015). Again, the WD1 condition led to an increase in variability in results, as was observed for yield. This opens reassuring perspectives in the context of climate change. First, we have shown that in the case of a moderate but still significant and long stress for the growing season of maize, there is still genetic variability for yield and digestibility that can allow the selection of maize hybrids whose yields are maintained and whose digestibility is increased. This increase in digestibility while maintaining yields has been observed several times in the ARVALIS network (ARVALIS, 2022b) and in agriculture during the last hot and dry summers in France. Moreover, we found significant correlations between measured CW digestibility and lignin content, although lignin content has long been counter-selected in selection programs for forage maize. While lignin content in inbred lines of maize in contrasting environments typically varies between 11 and 21% (El Hage et al., 2018), variability in lignin content in modern maize hybrids always studied in contrasting environments, ranged from 13.6 to 17.5%. This narrow range severely limits the potential for improving this trait. However, to improve the UFL value of forage maize, we need to increase DM digestibility and, consequently, CW digestibility. New targets or combinations of targets need to be found. These could be new biochemical traits such as p-coumaric acids or histological traits (Méchin et al., 2005; Zhang et al., 2011; El Hage et al., 2021; Zhang, 2021; Lopez-Marnet et al., 2022) to study the localization of lignified tissue by FASGA staining of internode cross section.




4.4 Less productive but more digestible: Moderate stress could help compensate for losses due to water deficiency

Yield values were linked to digestibility data from DM to obtain a quantification of “digestible yield” in tons of digestible DM/ha, which allows us to better link these two criteria. The highest digestible yield values were typically found in the WW and RW.40 conditions, followed by values from WD1 and then WD. Certain varieties under the WD1 condition managed to raise yield to levels achieved under irrigated or rainfed conditions, such as varieties 5 and 8. We also found that while yield was negatively correlated to DM digestibility when all conditions were analysed together, this negative correlation disappeared once each condition was considered separately. The lack of antagonism between these two key traits in selection is important, especially since selection for yield has led to a decline in digestibility (Barrière, 2000; Surault et al., 2005; Baldy et al., 2017).

The WD1 condition was irrigated 37% more than the WD condition, and 56% less than the WW condition. Importantly, an average of four tons DM/ha of biomass yield or three tons of digestible DM/ha was recovered, allowing the condition to recover up to 82% of the biomass and 87% of the digestible yield of the WW condition. These results would likely lead to even more dramatic differences in irrigation in commercially irrigated maize fields, where the decision to irrigate is rarely supported by precision tools such as those used in our study. Only 7.6% of farmers irrigating in Alabama (USA) used tension meters in 2018 (USDA-NASS, 2019). In France, this number is likely even lower because forage maize acres are managed by smaller farms with less access to the training and materials needed to monitor soil water tension. In trials comparing conventional and precision irrigation, full yield recovery was possible while water use for grain was reduced by 25% (Bondesan et al., 2023). Clearly, even a relatively small reduction in stress can easily contribute to recovery of productivity.

Out of the 13 varieties evaluated in our study, variety 11 proved to be the best performer under the various conditions. It will be of interest to study the biochemical and histological differences between this variety and the others to determine what allows this different response. Similarly, although to a somewhat lesser extent, varieties 2, 5 and 9 are also of interest in this section, primarily because of their ability to maintain productivity. These varieties, all performed well under both moderate stress and irrigation conditions, likely contain important potential selection targets to identify.





5 Conclusion

Establishment of specific water stress levels in the field allowed us to understand how water stress and its intensity affect yield and digestibility of modern forage maize hybrids. Our data showed that forage yield gradually decreased as a function of water stress, while both DM and CW digestibilities increased regardless of water stress intensity, with decreased variability among tested varieties under severe water stress conditions. Overall, our work also showed that there was no antagonism between yield and digestibility under each environmental condition studied and that improvement in DM digestibility requires improvement in CW digestibility.





Data availability statement

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





Author contributions

SC, VM, AU and NM designed the study. The field trials were organised by SC, VM, together with MR and CM for Versailles, by FM, together with SR, SF and PS for Mauguio, and by NM, MR, VM and P-LL-M for the different areas in northern France used for calibration. M-PJ was responsible for both harvesting and planning logistics in the laboratory. OM, M-PJ, CD, MR, P-LL-M, VM and SC collected the samples. YG recorded the NIRS spectra and developed the IJPB NIRS equations. DM digestibility was performed by OM, SG and CD. CWR extraction and CW digestibility data were obtained by M-PJ, SG, and OM. Lignin content was measured by M-PJ. Data analysis was performed by OM, SC and VM. OM, SC and VM wrote the manuscript. All authors read and approved the submitted manuscript.





Funding

This work was supported by the Plant2Pro® Carnot institute in the frame of the MAMMA MIA project. Plant2Pro is supported by ANR (agreement #20 CARN 0024 01). The IJPB laboratory also benefits from the support of Saclay Plant Sciences-SPS (ANR-17-EUR-0007).




Acknowledgments

We thank all members of the “Biomass Quality and Interactions with Drought” team past and present. We also sincerely acknowledge the DiaScope and the Versailles-Saclay EU teams for their meticulous work on the different field trials, and Cyril Bauland and the DECLIC consortium of ProMaïs for helpful discussions.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1142462/full#supplementary-material

Supplementary Figure 1 | Water balance sheet generated by the Irrélis irrigation advice software (ARVALIS – Institut du vegetal) for the Versailles field trial. The data shown were measured on variety 8 in the RW condition.



Abbreviations










ASI, Anthesis-silking interval; CRA-W, Centre wallon de de Recherches Agronomiques ; CW, Cell wall; CWR, Cell wall residue; DM, Dry matter; ETPP, Estimated Penman evapotranspiration; EU, INRAE experimental unit; MAT, Protein content; MGDD, Modified growing degree days; NDF, Neutral-detergent fiber; NIRS, Near-infrared spectroscopy; OM, Organic matter; RSD, Residual standard deviation; RW, Harvest with 32% DM content in Versailles; RW.40, Harvest with 40% DM in Versailles; UF, Unité Fourragère; UFL, Unité Fourragère Laitière; WW, Well-watered condition in Mauguio; WD1, Moderate water deficit condition in Mauguio; WD, Severe water deficit condition in Mauguio.




References

 Andrieu, J. (1995). Predicting digestibility and energy value of fresh forage maize [in French]. INRA Prod. Anim. 8, 273–274. doi: 10.20870/productions-animales.1995.8.4.4136

 Andueza, D., Picard, F., Jestin, M., Andrieu, J., and Baumont, R. (2011). NIRS prediction of the feed value of temperate forages: efficacy of four calibration strategies. Animal 5, 1002–1013. doi: 10.1017/S1751731110002697

 Argillier, O., Barrière, Y., Dardenne, P., Emile, J. C., and Hébert, Y. (1998). Genotypic variation for in vitro criteria and relationships with in vivo digestihility in forage maize hyhrids. Plant Breed. 117, 437–441. doi: 10.1111/j.1439-0523.1998.tb01969.x

 Arvalis - Institut du végétal (2022a). Expé-r: The tool for statistical analysis of agricultural trial data.

 Arvalis - Institut du végétal (2022b). Report on the 2022 forage maize campaign.

(2007). Maize varieties: adapting the technical itinerary to climatic conditions. Perspect. Agricoles n° 330.

 Baldy, A., Jacquemot, M.-P., Griveau, Y., Bauland, C., Reymond, M., and Mechin, V. (2017). Energy values of registered corn forage hybrids in France over the last 20 years rose in a context of maintained yield increase. AJPS 08, 1449–1461. doi: 10.4236/ajps.2017.86099

 Bänziger, M., Edmeades, G. O., Beck, D. L., and Bellon, M. R. (2000). Breeding for drought and nitrogen stress tolerance in maize: From theory to practice. Mexico, D.F.: CIMMYT. http://hdl.handle.net/10883/765.

 Barrière, Y., and Emile, J. C. (2000). Le maïs fourrage III evaluation and perspective of genetic progress in feed value traits [in French]. Fourrages 163, 221–238. doi: https://hal.inrae.fr/hal-02699053.

 Barrière, Y., Emile, J.-C., Traineau, R., Surault, F., Briand, M., and Gallais, A. (2004). Genetic variation for organic matter and cell wall digestibility in silage maize. lessons from a 34-year long experiment with sheep in digestibility crates. Maydica 49, 115–126. https://hal.inrae.fr/hal-02682464.

 Bastianelli, D., Bonnal, L., Barre, P., Nabeneza, S., Salgado, P., and Andueza, D. (2019). Near-infraed spectrometry for feed ressource. INRA Prod. Anim. 31, 237–254. doi: 10.20870/productions-animales.2018.31.2.2330

 Biston, R., and Dardenne, P. (1985). Application of near-infrared reflectance spectrometry. prediction of feed quality of its rational use [in French]. Bull. Rech. Agron. Gembloux 20, 23–41.

 Biston, R., Dardenne, P., and Demarquilly, C. (1989). Determination of forage in vivo digestibility by NIRS. Presented at XVIth Int. Grassland Congress Nice France pp, 895–896.

 Bondesan, L., Ortiz, B. V., Morlin, F., Morata, G., Duzy, L., van Santen, E., et al. (2023). A comparison of precision and conventional irrigation in corn production in southeast Alabama. Precis. Agric. 24, 40–67. doi: 10.1007/s11119-022-09930-2

 Claassen, M. M., and Shaw, R. H. (1970). Water deficit effects on corn. II. grain components 1. Agron. J. 62, 652–655. doi: 10.2134/agronj1970.00021962006200050032x

 Cooper, M., and Messina, C. D. (2023). Breeding crops for drought-affected environments and improved climate resilience. Plant Cell 35, 162–186. doi: 10.1093/plcell/koac321

 Dardenne, P., Andrieu, J., Barrière, Y., Biston, R., Demarquilly, C., Femenias, N., et al. (1993). Composition and nutritive value of whole maize plants fed fresh to sheep. II. Prediction Vivo organic matter digestibility. Ann. Zootech. 42, 251–270. doi: 10.1051/animres:19930302

 dos Santos, A. B., Bottcher, A., Kiyota, E., Mayer, J. L. S., Vicentini, R., Brito, M.d. S., et al. (2015). Water stress alters lignin content and related gene expression in two sugarcane genotypes. J. Agric. Food Chem. 63, 4708–4720. doi: 10.1021/jf5061858

 Effland, M. J. (1977). Modified procedure to determine acid-insoluble lignin in wood and pulp. Tappi 60, 143–144.

 El Hage, F., Legland, D., Borrega, N., Jacquemot, M.-P., Griveau, Y., Coursol, S., et al. (2018). Tissue lignification, cell wall p -coumaroylation and degradability of maize stems depend on water status. J. Agric. Food Chem. 66, 4800–4808. doi: 10.1021/acs.jafc.7b05755

 El Hage, F., Virlouvet, L., Lopez-Marnet, P.-L., Griveau, Y., Jacquemot, M.-P., Coursol, S., et al. (2021). Responses of maize internode to water deficit are different at the biochemical and histological levels. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.628960

 Emerson, R., Hoover, A., Ray, A., Lacey, J., Cortez, M., Payne, C., et al. (2014). Drought effects on composition and yield for corn stover, mixed grasses, and miscanthus as bioenergy feedstocks. Biofuels 5, 275–291. doi: 10.1080/17597269.2014.913904

 Ferreira, G., and Brown, A. N. (2016). “Environmental factors affecting corn quality for silage production,” in Advances in silage production and utilization. Eds.  T. Da Silva, and E. M. Santos InTech. doi: 10.5772/64381

 Fukushima, R. S., and Hatfield, R. D. (2001). Extraction and isolation of lignin for utilization as a standard to determine lignin concentration using the acetyl bromide spectrophotometric method. J. Agric. Food Chem. 49, 3133–3139. doi: 10.1021/jf010449r

 Jung, H. G., and Phillips, R. L. (2010). Putative seedling ferulate ester ( sfe ) maize mutant: Morphology, biomass yield, and stover cell wall composition and rumen degradability. Crop Sci. 50, 403–418. doi: 10.2135/cropsci2009.04.0191

 Harrison, M. T., Tardieu, F., Dong, Z., Messina, C. D., and Hammer, G. L. (2014). haracterizing drought stress and trait influence on maize yield under current and future conditions. Glob Change Biol 20, 867–878. doi: 10.1111/gcb.12381

 Kassambara, A. (2020) Ggpubr: “ggplot2” based publication ready plots. r package version 0.4.0. Available at: https://CRAN.R-project.org/package=ggpubr.

 Kassambara, A. (2022) Ggcorrplot: Visualization of a correlation matrix ussing “ggplot2”. r package version 0.1.4. Available at: https://CRAN.R-project.org/package=ggcorrplot.

 Khan, N. A., Yu, P., Ali, M., Cone, J. W., and Hendriks, W. H. (2015). Nutritive value of maize silage in relation to dairy cow performance and milk quality: Nutritive value of maize silage. J. Sci. Food Agric. 95, 238–252. doi: 10.1002/jsfa.6703

 Lemaire, G. (2008). Drought and feed production. Innov. Agronomiques 2, 107–123. https://hal.inrae.fr/hal-02656784/file/Lemaire_1.pdf.

 Li, T., Zhang, X., Liu, Q., Liu, J., Chen, Y., and Sui, P. (2022). Yield penalty of maize (Zea mays l.) under heat stress in different growth stages: A review. J. Integr. Agric. 21, 2465–2476. doi: 10.1016/j.jia.2022.07.013

 Lopez-Marnet, P.-L., Guillaume, S., Jacquemot, M.-P., Reymond, M., and Méchin, V. (2021). High throughput accurate method for estimating in vitro dry matter digestibility of maize silage. Plant Methods 17, 89. doi: 10.1186/s13007-021-00788-5

 Lopez-Marnet, P.-L., Guillaume, S., Méchin, V., and Reymond, M. (2022). A robust and efficient automatic method to segment maize FASGA stained stem cross section images to accurately quantify histological profile. Plant Methods 18, 125. doi: 10.1186/s13007-022-00957-0

 Lorenz, A. J., Coors, J. G., Leon, N., Wolfrum, E. J., Hames, B. R., Sluiter, A. D., et al. (2009). Characterization, genetic variation, and combining ability of maize traits relevant to the production of cellulosic ethanol. Crop Sci. 49, 85–98. doi: 10.2135/cropsci2008.06.0306

 Lübberstedt, T., Melchinger, A. E., Klein, D., Degenhardt, H., and Paul, C. (1997). QTL mapping in testcrosses of European flint lines of maize: II. comparison of different testers for forage quality traits. Crop Sci. 37, 1913–1922. doi: 10.2135/cropsci1997.0011183X003700060041x

 Méchin, V., Argillier, O., Rocher, F., Hébert, Y., Mila, I., Pollet, B., et al. (2005). In search of a maize ideotype for cell wall enzymatic degradability using histological and biochemical lignin characterization. J. Agric. Food Chem. 53, 5872–5881. doi: 10.1021/jf050722f

 Mentink, R. L., Hoffman, P. C., and Bauman, L. M. (2006). Utility of near-infrared reflectance spectroscopy to predict nutrient composition and In vitro digestibility of total mixed rations. J. Dairy Sci. 89, 2320–2326. doi: 10.3168/jds.S0022-0302(06)72303-7

 Messina, C. D., Cooper, M., Hammer, G. L., Berning, D., Ciampitti, I., Clark, R., et al. (2020). Two decades of creating drought tolerant maize and underpinning prediction technologies in the US corn-belt: Review and perspectives on the future of crop design. bioRxiv preprint. doi: 10.1101/2020.10.29.361337

 Néné-bi, F., Turquin, L., Konan, S., Soro, D., Ayolie, K., Bléhou, C., et al. (2022). Effects of water stress on the agromorphological parameters of two new maize (Zea mays l.) lines (L36 and L71) obtained from the variety EV8728. Eur. Sci. Journal ESJ 18, 120. doi: 10.19044/esj.2022.v18n21p120

 Norris, K. H., Barnes, R. F., Moore, J. E., and Shenk, J. S. (1976). Predicting forage quality by infrared replectance spectroscopy. J. Anim. Sci. 43, 889–897. doi: 10.2527/jas1976.434889x

 Perrier, L., Rouan, L., Jaffuel, S., Clément-Vidal, A., Roques, S., Soutiras, A., et al. (2017). Plasticity of sorghum stem biomass accumulation in response to water deficit: A multiscale analysis from internode tissue to plant level. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01516

 Peyrat, J., Nozière, P., Le Morvan, A., Meslier, E., Protin, P.-V., Carpentier, B., et al. (2016). Predicting digestibility and energy value of forage maize : a guide to new references [in French] (Arvalis - Institut du végétal - INRA). 8 p. https://www.semencesdefrance.com/wp-content/uploads/2016/12/8_pages_mais1457366578501054757.pdf.

 R Core Team (2022). R: A language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing). Available at: https://www.R-project.org/.

 Riboulet, C., Lefevre, B., Dénoue, D., and Barrière, Y. (2008). Genetic variation in maize cell wall for lignin content, lignin structure, p-hydroxycinnamic acid content, and digestibility in a set of 19 lines at silage harvest maturity. Maydica 53, 11–19. Available at: https://hal.inrae.fr/hal-02656979/file/2008_Riboulet_Maydica_1.pdf

 Robins, J. S., and Domingo, C. E. (1953). Some effects of severe soil moisture deficits at specific growth stages in corn 1. Agron. J. 45, 618–621. doi: 10.2134/agronj1953.00021962004500120009x

 Roudier, P., Andersson, J. C. M., Donnelly, C., Feyen, L., Greuell, W., and Ludwig, F. (2016). Projections of future floods and hydrological droughts in Europe under a +2°C global warming. Climatic Change 135, 341–355. doi: 10.1007/s10584-015-1570-4

 R Studio Team (2022). RStudio: Integrated development environment for r (Bostom, MA: RStudio, PBC). Available at: http://www.rstudio.com/.

 Sah, R. P., Chakraborty, M., Prasad, K., Pandit, M., Tudu, V. K., Chakravarty, M. K., et al. (2020). Impact of water deficit stress in maize: Phenology and yield components. Sci. Rep. 10, 2944. doi: 10.1038/s41598-020-59689-7

 Salter, P. J., and Goode, J. E. (1967). Crop responses to water at different stages of growth. England: Commonwealth Agricultural Bureaux, Farnham Royal, Bucks, 246 p. doi: 10.2136/sssaj1969.03615995003300010002x

 Sanaullah, M., Chabbi, A., Girardin, C., Durand, J.-L., Poirier, M., and Rumpel, C. (2014). Effects of drought and elevated temperature on biochemical composition of forage plants and their impact on carbon storage in grassland soil. Plant Soil 374, 767–778. doi: 10.1007/s11104-013-1890-y

 Shenk, J. S., Westerhaus, M. O., and Berzaghi, P. (1997). Investigation of a LOCAL calibration procedure for near infrared instruments. J. Near Infrared Spectrosc. 5, 223–232. doi: 10.1255/jnirs.115

 Surault, F., Emile, J. C., Briand, M., and Barrière, Y. (2005). Genetic variability in in vivo digestibility of maize hybrids. a review of 34 years of measurements [in French]. Fourrages 183, 459–474. http://www.journees3r.fr/IMG/pdf/2005_qualite_aliments_ruminants_16_surault.pdf.

 Tester, M., and Langridge, P. (2010). Breeding technologies to increase crop production in a changing world. Science 327, 818–822. doi: 10.1126/science.1183700

 USDA-NASS (2019). 2018 irrigation and water management survey. Series 2017 Census of Agriculture, Vol. 3, special studies, part 1, 269 p.

 Valdes, E. V., Hunter, R. B., and Pinter, L. (1987). Determination of quality parameters by near infrared reflectance spectroscopy in whole plant corn silage. Can. J. Plant Sci. 67, 747–754. doi: 10.4141/cjps87-102

 van der Velde, M., Tubiello, F. N., Vrieling, A., and Bouraoui, F. (2012). Impacts of extreme weather on wheat and maize in France: evaluating regional crop simulations against observed data. Climatic Change 113, 751–765. doi: 10.1007/s10584-011-0368-2

 Vermorel, M., Coulon, J. B., and Journet, M. (1987). Révision du système des unités fourragères (UF) [in French]. Bull. technique du CRZV Theix 70, 9–18.

 Virlouvet, L., El Hage, F., Griveau, Y., Jacquemot, M.-P., Gineau, E., Baldy, A., et al. (2019). Water deficit-responsive QTLs for cell wall degradability and composition in maize at silage stage. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00488

 Virlouvet, L., Jacquemot, M.-P., Gerentes, D., Corti, H., Bouton, S., Gilard, F., et al. (2011). The ZmASR1 protein influences branched-chain amino acid biosynthesis and maintains kernel yield in maize under water-limited conditions. Plant Physiol. 157, 917–936. doi: 10.1104/pp.111.176818

 Wei, T., and Simko, V. (2021). R package “corrplot”: Visualization of a correlation matrix (Version 0.92). Available at: https://github.com/taiyun/corrplot.

 Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. 2nd ed. ed.  R. Use (Springer, Cham: Springer International Publishing: Imprint), 260 p. doi: 10.1007/978-3-319-24277-4

 Wickham, H., François, R., Henry, L., and Müller, K. (2022) Dplyr: A grammar of data manipulation. Available at: https://dplyr.tidyverse.orghttps://github.com/tidyverse/dplyr.

 Zhang, X. (2021). Visualising lignin quantitatively in plant cell walls by micro-raman spectroscopy. RSC Adv. 11, 13124–13129. doi: 10.1039/D1RA01825F

 Zhang, Y., Culhaoglu, T., Pollet, B., Melin, C., Denoue, D., Barrière, Y., et al. (2011). Impact of lignin structure and cell wall reticulation on maize cell wall degradability. J. Agric. Food Chem. 59, 10129–10135. doi: 10.1021/jf2028279




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


Copyright © 2023 Main, Jacquemot, Griveau, Guillaume, Demonceaux, Lopez-Marnet, Rey, Fargier, Sartre, Montagnier, Uijttewaal, Mangel, Meunier, Reymond, Méchin and Coursol. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1142462-g002.jpg
DM digestibility (%DM)

12 16 20
Yield (ton DM ha™')
B (07

16

75

-
=

—

)
)
S

—
5

DM digestibility (%DM)
N
n

Digestible yield (ton DM ha™")

WD R? 0.58 **
WD1R?0.29.

WW R2?0.35 *

RW.40 R? 0.57 **
Combined R?0.62 ***

60

1 2 3 4 5 6 7 8 9 10 11 12 13 30 35 40
Variety Measured CW digestibility (% CWR)





OEBPS/Images/M2.jpg
You= p + Vit G+ (VO)u+ e+ n+ Egy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Precise control of water stress in the field reveals different response thresholds for forage yield and digestibility of maize hybrids

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Hybrid material and field trials

          



          		

            2.2 Agronomic analysis

          



          		

            2.3 Biochemical analysis

          



          		

            2.4 Construction of homegrown NIRS predictive equations on whole plant samples

          



          		

            2.5 NIRS predictions with two set of NIRS predictive equations

          



          		

            2.6 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Water stress impacts on key agronomic traits

          



          		

            3.2 Water stress significantly increases digestibility while decreasing yield, while a higher percentage of DM content at harvest has no effect on digestibility

          



          		

            3.3 NIRS predictive equations accurately measure both DM and CW digestibilities

          



          		

            3.4 Heading deeper into the CW seems to reduce NIRS accurateness

          



          		

            3.5 Correlations between traits reflect genetic relationships when separate conditions are considered

          



        



        



        		

          4 Discussion

        

          		

            4.1 Daily monitoring of moderate water stress was key to identifying varieties with different agronomic responses to water stress

          



          		

            4.2 High-throughput NIRS predictive equations reliably predict basic forage quality characteristics, such as digestibility, but significantly exaggerate correlations between biochemical parameters

          



          		

            4.3 Although both DM and CW digestibilities lose variability under water deficit, they are increased under this stress condition simultaneously with a decrease in lignin content

          



          		

            4.4 Less productive but more digestible: Moderate stress could help compensate for losses due to water deficiency

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1142462-g004.jpg
40.0

w W
b =
> in

1JPB predicted measured CW digestibility (%CWR)
"
[
b

WD R2=0.25.
WDI R?=0.61 **
WW R?=0.35*
RW.40 R2=0.21
Combined R?=0.31 ***
250 30.0 35. 100
Measured CW digestibility (%CWR)
D
40.0

P
foss
>

Measured CW digestibility (% CWR)
w
e
=

RW.40 R? = (.58 **
Combined R?=

140 5.0 7.0
Lignin content (%CWR)

w

LJPB predicted calculated CW digestibility (%CWR)

WD R
P ¢ WDIR:=0.
WW R? = 0.48 **
RW.40 R?
Combined R

320 340 36.0 380

E 1JPB predicted measured CW digestibility (%CWR)

380

W
&
S

W
=
S

WD R2 = (.87 #**
WD1 R?=0.77 ***
9 ##k
=0.67 **
Combined R?= 0.8 ***

1JPB predicted measured CW digestibility (%CWR)

15.0 15.5 16.0 16.5
1JPB predicted lignin content (% CWR)

IJPB predicted lignin content (%CWR)

WD R?
WDI1 R?=0.

40 5.0 6.0 7.0
Lignin content (%CWR)

-n

WD R?=0.7 »
18.00 WD R? = 0.87 *+*
WW R2=0.74 *+*

CRA-W predicted calculated CW digestibility (%NDF)

81w

70 24 27 3.0
(CRA-W predicted Van Soest lignin content (%NDF)

a
>





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
VEL (per 100 kg organic matier)

= 1877 + 0.1389-MAT + 0.9491.DM digestibility





OEBPS/Images/fpls.2023.1142462_cover.jpg
& frontiers | Frontiers in Plant science

Precise control of water stress in the field
reveals different response thresholds for
forage yield and digestibility of maize
hybrids





OEBPS/Images/fpls-14-1142462-g005.jpg
s
S
B
&
E
v LS
Plant h«g!.
Caleulated CW digesiibility
Measured CW digestibvily @
Lignin content
vigesivieyied [l 02602058
CRAW predictd DM digesibily o
UPB predicted DM digestibility . 04 =3
CRA-W predicted calculated CW digestibility . s
LIPB predicted caloulated CW digestibility
28
08
4
D Ww S oo o8
Ot S

S ¢ SN
S ESSISAe
S ROESE It
& & S F N S
o O, SIS TS
S S FFLF LS T LS
£ &

Caleutated W digesivity [ B

Messured CW digesiviliy [
Lignin content

Digestble yield o

CRA-W predicted DM digestibilit

LIPB predicted DM digestibility s

CRA-W predicted calculated CW digestibility W

1IPB predicted measured CW digestibility

CRA-W predicted Va

1IPB predicted Van Soest lignin content 08

<6
Soest lignin content

1JPB predicted lignin content

&
Pl
S
FI
a2 0m

DM digestibility .

CWR
Calculated CW digestibility -
Measured CW digestibility

CRA-W predicted DM digestibility
UIPB predicted DM digestibility

CRA-W predicted calculated CW digestibility

1IPB predicted calculated CW digestibility

LIPB predicted measured CW digestibility

CRA-W predicted Van Soest lignin content

1IPB predicted Van Soest lignin content

UPB predicted lignin content

WD1

02

04

08

SIS N
S8 &
O 4 a‘“y’}‘ S
S ORGP

o SE NN

SO OGARNICOICIE R RS

Qe FFEE I F S

A s
NG

08

08

Calculated CW digestibility o4
Measured CW digesibility o
3

0z

CRA-W predicted calculated CW digestibility i

1IPB predicted caleulated CW digestibility
1IPB predicted measured CW digestibility 06
CRA-W predicted Van Soest lignin content
08

1JPB predicted Van Soest lignin content

1IPB predicted lignin content

ST
o FESES
N S Ee 5
o SSRGS
Se® S I LIS
& NS N
& BRI R
§F ST SF PSSP
8 S FE T E 555 5
& SESE SIS S
FORCHI I TR TR L ELL
O T F I F I LIS
08
0s
Catalated W digesivily [ L
Measured W digestvitey [ &
Lignin content [ B
Digestible yield . 81 68 o4 o
CRAW predicted DM digesivitey [
IPB predicted DM digestibility 02
CRA-W predicted calculated CW digestibility - 0
LIPB predicted calculated CW digestibility
LIPB predicted measured CW digestibility
CRA-W predicted Van Soest lignin content
1IPB predicted Van Soest lignin content
LIPB predicted lignin content
WD Sy s
S
Rt
e
5
& Hﬁ@f
S
s S
S
08
0s
Caleulated CW digesivily [JJJJB8 o4
Messured CW digesivilsy i [ [ 1
Lignin content
Digestible yicld . o o
CRA-W predicted DM digestibility a7
LIPB predicted DM digestibility |7 e
CRA-W predicted calculated CW digestibility o3 i
1IPB predicted calculated CW digestibility . 41 03
UPB predicted measured W digestivity [ B Sl [} ¢
CRA-W predicted Van Soest lignin content 7]
08

1IPB predicted Van Soest lignin content
1IPB predicted lignin content





OEBPS/Images/fpls-14-1142462-g003.jpg
3 =
S P

CRA-W predicted DM digestibility (% DM)
2
3

WD R?=0.11

65 70 75

w
-3

ISt
)

2
S

WD R?=0.25.

WD1 R*=0.33 *

WW R?=0.03

RW.40 R?=0.32 %
Combined R?= (.57 ***

CRA-W predicted calculated CW digestibility (Yo NDF)

15

25 30 35

40 45
Calculated CW digestibility (% CWR)

80

3
3

a
>}

1JPB predicted DM digestibility (%DM)

WD R2=0.13

WD1 R? = 0.65 ***

WW R? =0.78 **=*

68 RW.40 R? = 0.62 **
Combined R?=0.87 ***

70
DM digestibility (% DM)

m

&
b

WD R?=0.04
WDI1 R?=0.008

1JPB predicted calculated CW digestibility (% CWR)
&
S

RW.40 R?=0.12
Combined R?= 0.55 ***

25 30 35
Calculated CW digestil

3

23
b}

1JPB predicted DM digestibility (%DM)

WD R? = (.53 **

WD1 R?= (.89 **

WW R2=0.96 ***

RW.40 R? = (.88 ***

68 Combined R?= 0.93 ***

60 65 70 75
CRA-W predicted DM digestibility (%DM)

M

F
kN

1JPB predicted calculated CW digestibility (%CWR)

Combined R?= 0.69 ***

20 25
CRA-W predicted calculated CW digestibility (%NDF)





OEBPS/Images/table1.jpg
Calibration Validation

1JPB NIRS Designation SEP/SECV?
n
DM digestibility 1JPB predicted DM digestibility %DM 168 0.805 50 0.799 171
Calculated CW digestibility 1JPB predicted calculated CW digestibility %CWR 168 0812 50 0.877 ‘ 3.11
Measured CW digestibility 1JPB predicted measured CW digestibility %CWR 168 0.781 50 0.722 ‘ 213
Lignin content 1JPB predicted lignin content %CWR 168 0.593 ‘ 50 0319 ‘ 0.64
Van Soest lignin content 1JPB predicted Van Soest lignin content %NDF 155 1 0.700 0 0597 J 0.22

ICalibration and validation r calculated via Pearsson; *SEP, standard error of prediction; SECV, standard error of cross-validation.





OEBPS/Images/fpls-14-1142462-g001.jpg
A

Growth condition and  Precipitation’ Irrigation' Temperature®  Relative humidity’ ETPP’ MGDD*-harvest
Location harvest stage (mm) (mm) (°C) (%) (mm) (degree days)
Mauguio 1135 251 22 61.7 630 1733
Mauguio 113.5 346 22 61.7 630 1733
Mauguio 113.5 613 222 61.7 630 1733
Versailles 359.5 0 16.8 76.9 473 1540
Versailles 378 0 16.6 77.3 499 1710

"Total quantity from sowing to harvest; 2Average temperature or humidity from sowing to harvest; *Estimated Penman evapotranspiration; *Modified growing
degree days (6-30 base) from sowing to harvest.

XY 1Y %Y 9 XY Y Y 9 Y 2% Y 29 » 2 2% 3 A%
B B L N L L L L i [ T L L [ NS L C

° NT \NUTTITTTCT

50

50

100 - — Y 100

150 o - . . - - 150
g H H 8 g 2 )
H g H H F £
@ g & H w3 5§
H A £t
s £
H 3
200 200
= Functional water reserve = Useable reserve
s Rain (mm) o stages
M WW irrigation (mm) s \WW s0il water deficit (mm)
M W1 irrigation (mm) s WD1 soil ater deficit (mm)
W WD irrigation (mm) = WD soil water deficit (mm)
250 250
350 WD
24
W WD1
300
20
E250 y
g z
= =
) a
'S £ 16
£ g
£ 200 =
= S
= £

Anthesis-silking interval (days)

150 12

100

1 2 3 4 5 6 7 8 9 10 11 12 13 7
Variety Variety






