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Genetic progress in seed yield in lentils (Lens culinaris Medik) has increased by 1.1% per year in Australia over the past 27 years. Knowing which plant traits have changed through breeding during this time can give important insights as to how lentil yield has increased. This study aims to identify morphological and physiological traits that were directly or indirectly selected between 1993 and 2020 in the Australian lentil breeding program using 2 years of experimental data. Major changes occurred in plant architecture during this period. Divergent selection has seen the release of varieties that have sprawling to very upright types of canopies. Despite this genetic diversity in recently released varieties, there is an overall tendency of recently released varieties having increased plant height and leaf size with reduced number of branches. Increased light interception was positively correlated with year of release (YOR) and yield, and likely results from indirect selection of yield and taller plant types. There is an indication that recently released varieties have lower CO2 assimilation rate, stomatal conductance and canopy temperature depression (CTD) at high ambient temperatures (~30°C). Understanding lentil physiology will assist in identifying traits to increase yield in a changing climate with extreme weather events.
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Introduction

Pulses are an important source of protein in the human diet, with lentil protein being particularly rich in amino acids and bioactive peptides, which confer several health benefits (Khazaei et al., 2019). Australia’s lentil industry is relatively new but has increased production rapidly, from 183 t in 1991 to 525,848 t in 2020 (ABARES, 2021). Lentils, like other legumes, also provide environmental benefits by fixing nitrogen (N) in the soil, reducing the need for N fertilizers. When rotated with cereals, lentils help to break disease cycles, provide alternative herbicide options for weed control and leave residual N and water for subsequent crops (Evans et al., 2001; Kirkegaard et al., 2008; Angus et al., 2015).

The first lentil cultivars grown in Australia were introduced from The International Center for Agriculture Research in the Dry Areas (ICARDA) and Canadian germplasm. Adaptation to Australian conditions was tested in different regions of the country from 1988 to 1992, and the expansion of lentils in Victoria and South Australia started in 1993 (Materne and Brouwer, 1997). Lentil breeding programs have focused on yield, herbicide tolerance, marketability, phenology, disease resistance, plant height, and boron and salt tolerance (Materne and Brouwer, 1997; Brennan et al., 2002; Hobson et al., 2006).

Plant breeding has modified several traits through indirect selection for yield such as plant architecture (Richards et al., 2019) and radiation use efficiency (RUE; Sadras et al., 2012). RUE is defined as the conversion of radiation intercepted by green tissue into biomass and is expressed as grams of dry matter per megajoule of intercepted photosynthetically active radiation (Monteith, 1977). Compared with chickpea, lupin and field peas, lentils have low RUE and it has been suggested that there is scope to improve RUE to increase the yield of pulses (Ayaz et al., 2004). In Australian lentil germplasm, harvest index (HI) has been correlated with yield across multiple environments (Lake and Sadras, 2021) and the Australian lentil breeding program has also bred for plant architecture, particularly for dry environments where upright architecture facilitates mechanical harvest.

In wheat, light interception (LI), RUE and HI have been associated with improved yield (Reynolds et al., 2009). Variation in lentil canopy architecture has been moderately associated with genotypic variation in light interception (McKenzie and Hill, 1991; Hanlan et al., 2006). Plant height in wheat and leaf type in chickpeas have also been associated with changes in LI or RUE (Miralles and Slafer, 1997; Li et al., 2008). Studies in lentils have shown variation in architectural traits such as branch angle, number of branches and plant height (Erskine and Goodrich, 1991; Hanlan et al., 2006).

Photosynthesis has become a target for improving yield potential in wheat (Parry et al., 2011). A positive correlation between CO2 assimilation rate (A) with yield and year of release has been found, suggesting indirect selection for photosynthetic traits (Reynolds et al., 1994, 2000a; Fischer et al., 1998; Tang et al., 2017). This is seen as an untapped opportunity to improve yield, particularly as yield improvements through improved HI in cereals may have reached a plateau (Furbank et al., 2020). Soybean yield has also been shown to be correlated with higher photosynthesis (Buttery and Buzzell, 1972; Ojima, 1974; Morrison et al., 1999, 2000; Jin et al., 2010; Liu et al., 2012). In soybean, the more recently released cultivars have a higher daily carbon gain associated with a higher photosynthetic rate, concomitant with higher yields and HI compared with early released cultivars (Koester et al., 2016). Lentils grown under elevated CO2 have increased biomass and yield, and it has been suggested that studies assessing genetic variation in CO2 assimilation rates would be useful in understanding this response (Bourgault et al., 2017).

Genetic diversity in several leaf photosynthetic traits has been recorded in wheat, (Driever et al., 2014; Jahan et al., 2014; Carmo-Silva et al., 2017; Silva-Perez et al., 2020), rice (Acevedo-Siaca et al., 2020, 2021) and soybeans (Koester et al., 2016). To our knowledge, no such studies of CO2 assimilation rate and related traits have been published in lentils, let alone information on the extent of genotypic variation for these traits.

The aim of this study was to identify physiological and morphological traits in lentils that may have been indirectly selected by breeding from 1993 to 2020 in Australia in relation with yield, HI and biomass, and to detect the traits that can be incorporated in the breeding program. In this study, we analysed a wide range of physiological and morphological traits of lentil varieties released by the Australian breeding program and assess their contribution to improved yields over the last 27 years.



Materials and methods


Plant material and experimental design

Lentil germplasm for this study was obtained from ICARDA, Canada and subsequent releases by Agriculture Victoria’s Australian national lentil breeding program. The breeding program commenced in 1993 with the varieties Cobber, Digger and Matilda released by Agriculture Victoria (Brouwer, 1995a,b; Materne and Brouwer, 1997), and all early introductions such as Eston and Indianhead were given 1993 as their “year of release.” Varieties released after 1993 that can be found in IP Australia’s plant breeder’s rights register1 were labelled with the year when the variety was accepted, even if they were officially released to farmers after this time. Lines from the Coordinated Improvement Program for Australian Lentils (CIPAL) were unreleased advanced breeding germplasm possessing key traits in the breeding program; their years of release were estimated based on the number of years they were evaluated under the National Variety Trials (NVT) program as used in previous studies (Lake and Sadras, 2021). Landmark varieties were selected to represent a “historical germplasm set” from 1993 to 2020 (Supplementary Table 1). Four additional lines (Commando, SP1333, ILL2024 and ILL7537) were included due to their parentage relevance in the breeding program. However, these lines were either poorly adapted to Australian conditions or did not have the right trait combinations for variety release.

Two main experiments studying 36 lentil varieties in a randomised block design with three replicates were carried out during 2020 and 2021. In the first field season, twenty traits were investigated that had potential to correlate with the yield increases conferred through breeding. In the second field season the most relevant traits were measured, such as plant height, canopy temperature depression (CTD) and yield components. Trials in both years were sown after a year-long fallow to ensure sufficient soil water for good growth under in season rainfed conditions. Each replicate consisted of two plots side by side with each plot measuring 5 m long × 1.25 m wide, comprised 5 rows on 25 cm spacing. One plot was used for sacrificial biomass harvests throughout the season and the other for grain yield assessments at the end of the season. Trials were sown on 28 th May 2020 and on 4 th June 2021 in the field experimental site from Agriculture Victoria at Horsham, Australia (36°43′40.4′′S 142°05′10.4″E).



Measured traits

During 2020 and 2021, a range of morphological and physiological traits were measured at vegetative, flowering and podding stages (Table 1). Period of measurement is expressed as days after sowing (DAS) and thermal time is available in Supplementary Table 2.



TABLE 1 Traits measured in 2020 and 2021 (see text for trait definitions).
[image: Table1]



Gas exchange

Assimilation rate (A, μmol CO2 m−1 s−1) and stomatal conductance (gs, mol H2O m−2 s−1) were measured using a LI-COR 6400 infrared gas analyser (LI-COR Inc., Lincoln, NE, USE). The CO2 flow rate into the leaf chamber was set at 500 μmol s−1, irradiance of 1800 μmol quanta m−1 s−1, inlet CO2 at 400 μmol CO2 (mol air)−1 and block temperature was 25°C. Three leaflets from the third or fourth expanded leaf from the top of a branch with flowers or pods were fitted into the chamber of the 6 cm2 rectangular head. Plants were measured on different days to match similar plant stages. At flowering measurements were done at 130, 131, 137, 138 and 139 DAS. Eston and Indianhead were not measured because they were not flowering at the time of the measurements. At early podding measurements were done at 158, 160, 161, 162, 165, 166, 168 and 169 DAS.



Canopy temperature depression

In both years, canopy temperature was measured in the field in the non-destructive plots using a hand-held infrared thermometer (Agri-Therm III™ 6210 l; Everest Interscience Inc., United States). Measurements were taken by pointing the thermometer at the plant canopy at about a 45 ° oblique angle, when the sky was clear, medium-low wind speed, and ambient temperature approached the maximum for the day and when it was most constant at four randomly selected positions within each plot during flowering, podding and late podding. CTD was calculated as the difference between air temperature and canopy temperature (Pietragalla, 2012; Mason et al., 2013).



Plant height, branching, chlorophyll content and leaf area

In 2020, measurements for plant height, total number of branches, chlorophyll content, leaf size and leaf area per plant were collected. Three plants per plot were sampled at vegetative (90 DAS) and flowering (138 DAS) stages and stored at 4°C for up to 5 days before processing. Chlorophyll content was estimated using a SPAD-502PLUS chlorophyll meter (Minolta Camera Co., Ltd., Japan) collected from sampling 10 leaflets per plant and averaged to get a single value for each plant. Leaf size was recorded by passing individual compound leaves from each plant through a leaf area meter (LI-3100C Area Meter) at vegetative stage and 10 leaves per plant at the flowering stage. Leaf area per plant was recorded by passing all leaves from each plant through the leaf area meter. Leaves and stems from each plant were oven dried at 70°C for 72 h separately to obtain their respective dry weight and total plant weight. Leaf dry mass per area (LMA) was calculated from the total leaf area per plant and the total dry weight per plant.

In 2021, plant height was measured manually in the field at maturity and in other plant stages using a canopy height model (CHM) from data collected with an unmanned aerial vehicle (UAV). The aerial images were acquired using a multispectral imager MicaSense RedEdge MX (MicaSense Inc., Seattle, WA, United States) attached to a quadcopter DJI Matrice 210 RTK (DJI Technology Co, Shenzhen, China). All the flight missions were conducted at 30 m above ground level to estimate CHM. The Pix4D mapper (Pix4D, Lausanne, Switzerland) software was used to pre-process the images to obtain a map with a digital surface model (DSM) and a digital terrain model (DTM). The CHM was generated by pixelwise subtraction of DTM from DSM from rectangular polygons with a unique plot number (Gebremedhin et al., 2020).



Light interception (fAPARi)

Light interception was assessed during 2020 as the fraction of absorbed photosynthetically active radiation (fAPARi) measured with a linear ceptometer (AccuPAR LP-80; Decagon Devices, Inc., United States) at vegetative, flowering and podding stages (Table 1). Percentage of fAPARi was calculated by comparing the incident photosynthetic active radiation (PAR) above canopy (PARi) and below canopy (PARg; Eq. 1).
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Radiation use efficiency

RUE was calculated using the values of fAPARi, incident photosynthetic active radiation (PAR) and aboveground biomass. Sigmoidal curves were fitted with GraphPrism Version 9.1.2 (average R2 = 0.99; RMSE = 4%) to describe the dynamics of fAPARi from sowing to early podding (153 DAS). Daily APAR was calculated from daily fAPARi from fitted curves and PAR calculated as half of the total incident solar radiation (Trapani et al., 1992). RUE was calculated as the ratio between biomass and APAR (Verón et al., 2005) for vegetative (RUE veg, 90 DAS) and flowering (RUE flw,138 DAS) stages and for the period between them (RUE veg to flw).



Yield, biomass and yield components

In both years, the plot layout included two plots located side by side: one for destructive measurements and other for non-destructive measurements. In 2020, samples of aboveground biomass from vegetative (90 DAS), flowering (138 DAS) and physiological maturity stages (197 DAS) were obtained by sampling 0.375 m2 from the three middle rows of a destructive plot (0.5 × 0.75 m). Biomass was oven dried at 70°C for 72 h and dry weight was recorded. The yield from the destructive plot was obtained from the biomass cut at maturity, this yield was only used to calculate HI. Fifty random pods were selected to calculate pod wall ratio (Sadras et al., 2013) and 100 seeds were weighted to estimate seed size. In 2021, the biomass was harvested in five rows (0.5 × 1.75 m) at vegetative (95 DAS), flowering (138 DAS) and physiological maturity stages (196 DAS). HI was calculated from the later biomass cut and the yield harvested by machine.

Yield presented in results from both years was sampled from the non-destructive plots and harvested by machine with a Wintersteiger Delta header at physiological maturity, at 202 and 200 DAS in 2020 and 2021, respectively. Area was calculated from the plot length (5 m) multiplied by the distance from plot centre to plot centre (1.75 m) to give a total area per plot of 8.75 m2, following the standard measurement in NVT in Australia as it best approximates broad acre yields.



Statistical analysis

Statistical analyses were undertaken using linear mixed models (LMM) with the software package ASReml-R v4, VSN International in R language (Butler et al., 2017). Each trait from 2020 was analysed individually exploring spatial correlations using R following the steps in the Biometry Training 0.7.1 package (Nielsen et al., 2021) and analysis from the 2021 season was performed using the released version in CRAN ‘Biometryassist 1.0.0’ (Nielsen et al., 2022). The model was fitted using each trait (e.g., plant height) as the response variable, the varieties as the explanatory component, and the experimental unit was plant within plot or plot defined by row and column. DAS was used as random term in the analysis of A and gs to account for the five different days that took to take these measurements. Wald test was used to evaluate significant differences across varieties and years. Prediction of response values were obtained and predicted means were compared between varieties using Tukey’s multiple comparison (p ≤ 0.05). Pearson correlation matrices were calculated based on the predicted mean trait values for each variety using the R package ‘agricolae’ (De Mendiburu, 2021) and their detail output are presented in the Supplementary Tables 3–9.




Results


Environmental conditions

Growing season conditions were generally favourable in both years, with average grain yield from the latest release variety PBA Kelpie XT ranging from 2.87 (2020) to 2.93 (2021) t ha−1. The maximum solar radiation and maximum temperature were higher in 2020 than in 2021 (Figures 1A–D). The 2020 growing season rainfall (214 mm from sowing to November) was drier than 2021 (271 mm of rain). The major rainfall events (20–30 mm) in 2020 occurred during the flowering window, while in 2021 they occurred at crop establishment and late podding (Figures 1E,F).

[image: Figure 1]

FIGURE 1
 Environmental conditions for lentil crop at Horsham in 2020 and 2021. Solar radiation (A,B), maximum and minimum temperature (C,D), evapotranspiration and cumulative rainfall (E,F) in relation to days after sowing (DAS). Flowering window is located in between the dotted green lines.




Yield components

The statistical analysis showed that variety (genotype, G) was significant for yield, biomass and HI, while year (environment, E) was significant for yield and biomass. There was a significant G × E interaction for yield, biomass F21 (21 days from the first flowering score) and HI (Table 2).



TABLE 2 Value of p from yield component traits measured in 2020 and 2021.
[image: Table2]

Average yield in 2021 was 0.68 t ha−1 higher than 2020 (Tables 3, 4). In 2020, yield progress increased 0.0328 ± 0.0048 t ha−1 year−1 or 1.18 ± 0.17% year−1 and in 2021 there was a positive increase of 0.0315 ± 0.0045 t ha−1 year−1 or 1.07 ± 0.16% year−1. Average biomass at vegetative, flowering and maturity stages decreased 40, 17 and 15%, respectively, in 2021 in comparison with 2020, and average HI increased 5% in 2021 (Tables 3, 4).



TABLE 3 Average of traits measured in 2020 from the predicted means of linear mixed model and standard error (SE); value of p is the genotypic value of p from the Wald test.
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TABLE 4 Average of traits measured in 2021 from the predicted means of linear mixed model and standard error (SE); value of p is the genotypic value of p from the Wald test.
[image: Table4]

Year of variety release correlated positively with yield in both years, with a coefficient of determination of approximately 0.4 (Figure 2A). Varieties released from 2018 to 2020 (PBA Hallmark XT, PBA Highland XT and PBA Kelpie XT) yielded from 0.63 (in 2021) to 0.83 t ha−1 (in 2020) more than initial varieties from 1993 (Eston, Indianhead, Cobber, Digger and Matilda). Aboveground biomass at maturity was weakly correlated with year of release (YOR) in 2020 (R2 = 0.14; p ≤ 0.05) but not in 2021 (Figure 2B). HI increased 0.43% with YOR and correlated positively with YOR (R2 ~ 0.3; p ≤ 0.05; Figure 2C).

[image: Figure 2]

FIGURE 2
 Yield (A), biomass (B) and harvest index (C) versus year of release from 32 varieties of lentils from 2020 (closed-green symbol) and 2021 (open symbol). Each symbol is the predicted mean of three repetitions. Line fits and coefficients of determination (R2) are shown for significant relationships.




Plant architecture and partitioning changed as consequence of breeding

In 2020, physiological and morphological traits were assessed at different growth stages to identify traits that changed with the year of variety release. At vegetative stage: leaf size; and at flowering stage: stem dry weight, plant height, number of branches and fAPARi (137 DAS) had a significant correlation with YOR (Table 3).

In 2020, fAPARi correlated significantly with YOR at flowering (137 DAS; Figure 3A). There were also marked differences in canopy architecture and YOR, with recently released varieties having increased height and reduced total number of branches at flowering (Figures 3B,C).

[image: Figure 3]

FIGURE 3
 Percentage of fAPARi (A), plant height (B) and number of branches (C) in 32 lentil varieties in relation to YOR at vegetative stage (squares) and flowering stage (triangles) measured during 2020 field season.


Because of significant positive correlation of fAPARi at 61, 89, 105 and 137 DAS with plant height (Supplementary Table 6) and the ability to estimate plant height (canopy height model, CHM) from an UAV, it was decided to measure plant height in the second year. In 2021, CHM measured between 1 week before flowering and late flowering (110–137 DAS) was positively correlated with YOR (Table 4).

Analysing the 2 years of measurement, plant height was significant different across years and across genotypes (Table 5). Despite G × E effects observed at flowering, it is possible to observe that there is generic variation across genotypes when they are analysed by year (Tables 3, 4), which support the CHM measurements in the breeding program.



TABLE 5 Wald test for plant height and canopy temperature depression (CTD) measured in 2020 and 2021.
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Historical and genetic variation in CO2 assimilation, stomatal conductance and canopy temperature depression

In 2020, CO2 assimilation rate (A) and stomatal conductance (gs) at flowering decreased with YOR (R2 of 0.17 and 0.22 respectively) and there was no clear association between these traits and YOR of the varieties at early podding (Figures 4A,B). Canopy temperature depression (CTD) at early flowering (127 DAS) showed a similar trend with a negative correlation to YOR (Figure 4C).

[image: Figure 4]

FIGURE 4
 (A) CO2 assimilation rate (A), (B) stomatal conductance (gs) and (C) canopy temperature depression at 127 DAS in relation with year of release (YOR), at flowering (triangles) and early podding stages (circles) from 30 historical lentil varieties in 2020.


CTD variation across the 2 years was mostly attributed to the varieties. There was a G × E interaction for most of the point measurements, but there were no significant differences across years (Table 5).

There were changes in polarity of the correlation between CTD and YOR. In 2020, this relationship was positive at 138 DAS, and returned to negative at 127, 158 and 165 DAS. At 138 DAS, CTD also positively correlated with yield and with biomass while negative correlations were observed at 158, 165 and 173 DAS (Figure 5A).

[image: Figure 5]

FIGURE 5
 Pearson correlation from 2020 (A) and 2021 (B) of year of release (YOR), yield, biomass and canopy temperature depression (CTD) at early flowering (EFlw), flowering (Flw), early podding (EPod), podding (Pod) and late podding (LPod). Plotted from Supplementary Tables 8, 9.


Although most of the correlations in 2021 were not significant, CTD and YOR relationship was positive at 143 and 153 DAS (Figure 5B). At 123, 136, 143 and 153 DAS, CTD positively correlated with yield (Figure 5B).




Discussion

Our study from 2 years data indicated a lentil yield increase of 1.1% per annum. This is in agreement with previously reported by Sadras et al. (2021) at Roseworthy, South Australia and by Bogale et al. (2017), in Ethiopia. Our data support the previous studies, but also indicates some changes in morpho-physiological traits related to radiation capture and photosynthesis. Most of these traits were assessed in 2020 and few of them were selected to be measured again in 2021 (Table 1); from these initial results, we observed that canopy architecture (height, branch number, leaf size and intercepted radiation) were associated with the year of release. Breeders currently assess plant architecture via measuring plant height and growth habit (erectness or sprawling), which in turn has resulted in selection for branch number and light interception. Our preliminary studies suggest an indirect selection for lower CO2 assimilation rate and stomatal conductance, which were lower in recently released varieties in comparison with early released varieties. However, further studies in multiple environments need to be done to confirm these observations.

Genetic yield increases have also been related to phenology, particularly in environments experiencing severe water stress with yield ≤560 kg ha−1 as indicate by Lake and Sadras (2021) and reinforces our study. New lentil cultivars adapted for Australia have earlier flowering and longer grain filling periods than older cultivars (Lake and Sadras, 2021; Sadras et al., 2021). Our study also supports the increase in yield gains. All this advances in grain yield numerical components and biomass, were also reflected in HI as previously reported (Lake and Sadras, 2021).


Crop architecture

Plant height and branch number are the traits that have undergone the largest change over this period shown by a strong RYOR of 0.73 and −0.49, respectively, (Table 3). A long-term goal in lentil breeding has been to include plant height and erectness in selection programs so as to enable the use of machinery for harvest (Erskine et al., 1988). The importance of plant height has also been observed in 287 diverse lentil accessions where plant height correlated with biomass and yield (Tullu et al., 2001). Similarly, in the Australian lentil breeding program, preliminary results from this work showed that higher yielding varieties were taller with fewer branches than the low yielding varieties. This could indicate that instead of producing more branches, recently released varieties allocate more carbon resources to their grains. Although we did not measure carbohydrates in this study, evidence in soybean indicates that changes in carbon economy (storage and partitioning) could support the higher yields of new cultivars (Morrison et al., 1999).

Plant height at flowering in 2020 correlated positively with light interception and HI (Supplementary Table 6). A remotely sensed measurement is faster and more convenient than manually screen many lines for this trait. In 2021, plant height was assessed as CHM, which is an estimation of crop height using UAV imagery (Banerjee et al., 2020). CHM correlated positively with YOR and yield mostly at flowering, suggesting that this trait can be assessed using field-based phenotyping remote sensing as has been also done recently in field peas (Tefera et al., 2022). Lentil plant height is even more important under stressful conditions, as it tends to be reduced in such environments (Lake and Sadras, 2021) and assessing plant height with remote sensing can be an efficient alternative for a breeding program.



Genotypic diversity in light interception

Our work indicated genotypic diversity for the proportion of light intercepted at flowering. Interestingly, there was a wide genotypic diversity in fAPAR
i in all points measured covering from vegetative to flowering stages, and at flowering, it varied up to 25% across the genotypes assessed (Table 3). These results might differ with environment since we only measured 1 year, but similar genotypic variation also has been observed for light interception in lentils and chickpeas (Hanlan et al., 2006; Li et al., 2008). There were also differences across pulses, in a study comparing chickpea, lentil, narrow-leafed lupin and field pea found that narrow-leafed lupin intercepted more radiation than the other pulse species (Ayaz et al., 2004). This shows that across pulses and within lentils, there is genotypic variation for light interception that can be exploited.

In our study, both fAPARi and RUE from vegetative to flowering (RUE veg to flw) were positively correlated with yield (Supplementary Table 6). From the equation Yield = LI*RUE*HI (Reynolds et al., 2009), LI and RUE both contribute to yield and there appears to be an opportunity in lentils for improvement in both factors. Light conversion efficiency represented by RUE has been proposed to be a major trait for genetic improvement since most crops use only 12% of the total solar radiation (Reynolds et al., 2000b). For chickpeas, greater conversion of sunlight into biomass (higher RUE) has been observed at high plant population densities (400 plants m−2; Ayaz et al., 2004). In lentils it has been suggested that canopy closure at an early stage increases the time available to produce greater biomass (McKenzie and Hill, 1991). Taller genotypes have shown the highest percentage of fAPARi in lentils (based on the significative correlation between plant height and fAPARi, Supplementary Table 6). However, a lentil genotype with slightly less biomass, plant height and branch number had the highest HI and yield (Hanlan et al., 2006).

The future Australian lentil breeding program focus might be towards continue developing varieties with moderate plant height and number of branches with relatively higher light interception and RUE without any or minimal penalty in HI focusing on reproductive nodes that increase sink strength (Whitehead et al., 2000; Bourgault et al., 2017).



Assessing CO2 assimilation rate, stomatal conductance and canopy temperature

Gas exchange traits were only measured 1 year, which can be subject to G × E interaction. Our preliminary results indicate that A and gs measured at flowering tended to be lower in recently released varieties compared to those released at the commencement of the Australian breeding program, particularly some of the varieties released since 2011. These results differ from observations in wheat, soybean and dry beans, where recently released cultivars or high yielding cultivars had the highest photosynthetic rate, daily carbon uptake or stomatal conductance (Peet et al., 1977; Fischer et al., 1998; Morrison et al., 2000; Jin et al., 2010; Liu et al., 2012; Koester et al., 2016) and findings in wheat where CO2 assimilation rate did not change over five decades of breeding in Australia (Sadras et al., 2012). Reduced stomatal conductance in legumes has been related to an increase of water use efficiency (WUE; Adams et al., 2018). The reduced A and gs observed in recently released varieties from 1 year experiment presumably is related to WUE. Although, we did not study WUE, there is a possibility of an indirect selection of new varieties with greater WUE because of the target of the breeding program to expand lentil production in dry areas (Siddique et al., 2013).

CTD was measured 2 years, in 2020 at 127 DAS had a positive correlation with gs (Supplementary Table 8) which indicates that could be used as surrogate for gs as it has been used in different crops (Amani et al., 1996; Deery and Jones, 2021). In 2020 we observed negative correlations between CTD and YOR (Figure 5). However, we did not observe the same pattern in one measurement in 2020 and in the measurements from 2021. After looking at possible environmental factors (Figure 1) that could influence CTD. We arrive to the conclusion that the positive but overall poor correlations between CTD and YOR might be attributed to ambient temperature. Maximum daily temperature on the day of the measurements when we observed positive correlations ranged between 18 and 26°C. While negative correlations between CTD and YOR were detected when ambient temperatures were between 30 and 32°C. This indicates that recently released varieties exhibit cooler canopies when ambient temperature is cooler than 26°C, but at higher temperatures (~30°C), they show a warmer canopy in comparison with early released varieties. This mechanism also points to increased WUE in recently released varieties when are exposed to heat waves of ~30°C. The significant genotypic variation of CTD (Tables 3, 4) aligns with other studies in lentils (Biju et al., 2018) and it is encouraging as there is valuable material to exploit in a breeding program for different environments. Breeding for crop resilience, particularly in a warming world requires to exploit wisely existing or new genetic resources to improve food security (Sharwood et al., 2022).




Conclusion

We identified that crop architecture has played a key role in yield gains in the Australian National lentil breeding program over the last 27 years. Recently released varieties tend to have a more upright architecture than early released varieties. This has resulted in changes to several measurable traits including plant height, branch number, leaf size and light interception. In addition, photosynthetic traits and canopy temperature depression were measured indicating that recently released varieties are more responsive with stomatal closure at high temperatures. New knowledge of these selected morphological and physiological traits provides an opportunity to assist breeding programs in developing varieties with increased yield and adaptation to Australian cropping systems.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

VS-P, ASKS, and SR contributed to the planning and performing of the research. CMC calculated RUE and APAR. GR secured the funding and contributed to the planning. VS-P analysed and wrote the manuscript with contribution from all authors. ATT, GJF, RA, and GMR contributed to manuscript editing. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the Victorian Grains Innovation Partnership in a collaboration between Agriculture Victoria and the Grains Research Development Corporation grant ID GRDC 8049295 (VGIP1B).



Acknowledgments

The authors acknowledge the technical assistance provided to the VGIP1B team, Jignesh Vakani, Sunita Bastakoti Pandey, and Tamika Mentha and the support of the molecular breeding team. We acknowledge Sameer G. Joshi for his valuable support measuring and analysing images to calculate CHM and Tony Fischer for his valuable feedback during the project.



Conflict of interest

VS-P is employed by Agriculture Victoria Research in a partnership with the Grains Research Development Corporation. The remaining 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.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.925987/full#supplementary-material



Footnotes

1https://www.ipaustralia.gov.au/plant-breeders-rights



References

 ABARES (2021). Australian Crop Report, Australian Bureau of Agricultural and Resource Economics and Sciences, Canberra, December. Cc By 4.0. Available at: https://www.agriculture.gov.au/abares (Accessed January 14, 2021).

 Acevedo-Siaca, L. G., Coe, R., Quick, W. P., and Long, S. P. (2021). Evaluating natural variation, heritability, and genetic advance of photosynthetic traits in rice (Oryza sativa). Plant Breed. 140, 745–757. doi: 10.1111/pbr.12965

 Acevedo-Siaca, L. G., Coe, R., Wang, Y., Kromdijk, J., Quick, W. P., and Long, S. P. (2020). Variation in photosynthetic induction between rice accessions and its potential for improving productivity. New Phytol. 227, 1097–1108. doi: 10.1111/nph.16454 

 Adams, M. A., Buchmann, N., Sprent, J., Buckley, T. N., and Turnbull, T. L. (2018). Crops, nitrogen, water: are legumes friend, foe, or misunderstood ally? Trends Plant Sci. 23, 539–550. doi: 10.1016/j.tplants.2018.02.009 

 Amani, I., Fischer, R. A., and Reynolds, M. P. (1996). Canopy temperature depression association with yield of irrigated spring wheat cultivars in a hot climate. J. Agron. Crop Sci. 176, 119–129. doi: 10.1111/j.1439-037X.1996.tb00454.x

 Angus, J. F., Kirkegaard, J. A., Hunt, J. R., Ryan, M. H., Ohlander, L., and Peoples, M. B. (2015). Break crops and rotations for wheat. Crop Pasture Sci. 66, 523–552. doi: 10.1071/CP14252

 Ayaz, S., Mckenzie, B. A., Mcneil, D. L., and Hill, G. D. (2004). Light interception and utilization of four grain legumes sown at different plant populations and depths. J. Agric. Sci. 142, 297–308. doi: 10.1017/S0021859604004241

 Banerjee, B. P., Spangenberg, G., and Kant, S. (2020). Fusion of spectral and structural information from aerial images for improved biomass estimation. Remote Sens. 12:3164. doi: 10.3390/rs12193164

 Biju, S., Fuentes, S., and Gupta, D. (2018). The use of infrared thermal imaging as a non-destructive screening tool for identifying drought-tolerant lentil genotypes. Plant Physiol. Biochem. 127, 11–24. doi: 10.1016/j.plaphy.2018.03.005 

 Bogale, D. A., Mekbib, F., and Fikre, A. (2017). Genetic improvement of lentil [Lens culinaris Medikus] between 1980 and 2010 in Ethiopia. Malays. J. Med. Biol. Res. 4, 129–138. doi: 10.18034/mjmbr.v4i2.437

 Bourgault, M., Brand, J., Tausz-Posch, S., Armstrong, R. D., Oleary, G. L., Fitzgerald, G. J., et al. (2017). Yield, growth and grain nitrogen response to elevated Co2 In six lentil (Lens culinaris) cultivars grown under free air Co2 enrichment (face) in a semi-arid environment. Eur. J. Agron. 87, 50–58. doi: 10.1016/j.eja.2017.05.003

 Brennan, J. P., Aw-Hassan, A., Quade, K. J., and Nordblom, T. L. (2002). Impact of ICARDA Research on Australian Agriculture. Economic Research Report No. 11. Nsw Agriculture, Wagga Wagga.

 Brouwer, J. B. (1995a). Lens culinaris (Lentil) Cv. Cobber. Aust. J. Exp. Agric. 35:115. doi: 10.1071/EA9950115

 Brouwer, J. B. (1995b). Lens culinaris (Lentil) Cv. Matilda. Aust. J. Exp. Agric. 35:117. doi: 10.1071/EA9950117

 Butler, D., Cullis, B. R., Gilmour, A. R., Gogel, B. J., and Thompson, R. (2017). Asreml-R Reference Manual Version 4. Vsn International Ltd, Hemel Hempstead, UK.

 Buttery, B. R., and Buzzell, R. I. (1972). Some differences between soybean cultivars observed by growth analysis. Can. J. Plant Sci. 52, 13–20. doi: 10.4141/cjps72-002

 Carmo-Silva, E., Andralojc, P. J., Scales, J. C., Driever, S. M., Mead, A., Lawson, T., et al. (2017). Phenotyping Of field-grown wheat In the UK highlights contribution of light response of photosynthesis and flag leaf longevity to grain yield. J. Exp. Bot. 68, 3473–3486. doi: 10.1093/jxb/erx169 

 De Mendiburu, F. (2021). Package “Agricolae”. R Package Version 1.3-5. Available at: https://Cran.R-Project.Org/Web/Packages/Agricolae/Agricolae. Accessed September 2021.

 Deery, D. M., and Jones, H. G. (2021). Field phenomics: will it enable crop improvement? Plant Phenom. 2021, 1–16. doi: 10.34133/2021/9871989 

 Driever, S. M., Lawson, T., Andralojc, P. J., Raines, C. A., and Parry, M. A. J. (2014). Natural variation in photosynthetic capacity, growth, and yield in 64 field-grown wheat genotypes. J. Exp. Bot. 65, 4959–4973. doi: 10.1093/jxb/eru253 

 Erskine, W., and Goodrich, W. J. (1991). Variability in lentil growth habit. Crop Sci. 31, 1040–1044. doi: 10.2135/cropsci1991.0011183X003100040039x

 Erskine, W., Nassib, A. M., and Telaye, A. (1988). “Breeding for morphological traits,” in World Crops: Cool Season Food Legumes: A Global Perspective of the Problems and Prospects for crop Improvement in Pea, Lentil, Faba Bean and Chickpea. ed. R. J. Summerfield (Dordrecht: Springer), 117–127.

 Evans, J., Mcneill, A. M., Unkovich, M. J., Fettell, N. A., and Heenan, D. P. (2001). Net nitrogen balances for cool-season grain legume crops and contributions to wheat nitrogen uptake: a review. Aust. J. Exp. Agric. 41, 347–359. doi: 10.1071/EA00036

 Fischer, R. A., Rees, D., Sayre, K. D., Lu, Z.-M., Condon, A. G., and Saavedra, A. L. (1998). Wheat yield progress associated with higher stomatal conductance and photosynthetic rate, and cooler canopies. Crop Sci. 38, 1467–1475. doi: 10.2135/cropsci1998.0011183X003800060011x

 Furbank, R. T., Sharwood, R., Estavillo, G. M., Silva-Perez, V., and Condon, A. G. (2020). Photons to food: genetic improvement of cereal crop photosynthesis. J. Exp. Bot. 71, 2226–2238. doi: 10.1093/jxb/eraa077 

 Gebremedhin, A., Badenhorst, P., Wang, J., Shi, F., Breen, E., Giri, K., et al. (2020). Development and validation of a phenotyping computational workflow to predict the biomass yield of a large perennial ryegrass breeding field trial. Front. Plant Sci. 11:689. doi: 10.3389/fpls.2020.00689 

 Hanlan, T. G., Ball, R. A., and Vandenberg, A. (2006). Canopy growth and biomass partitioning to yield in short-season lentil. Can. J. Plant Sci. 86, 109–119. doi: 10.4141/P05-029

 Hobson, K., Armstrong, R., Nicolas, M., Connor, D., and Materne, M. (2006). Response of lentil (Lens culinaris) germplasm to high concentrations of soil boron. Euphytica 151, 371–382. doi: 10.1007/s10681-006-9159-7

 Jahan, E., Amthor, J. S., Farquhar, G. D., Trethowan, R., and Barbour, M. M. (2014). Variation in mesophyll conductance among Australian wheat genotypes. Funct. Plant Biol. 41, 568–580. doi: 10.1071/FP13254 

 Jin, J., Liu, X., Wang, G., Mi, L., Shen, Z., Chen, X., et al. (2010). Agronomic and physiological contributions to the yield improvement of soybean cultivars released from 1950 to 2006 In Northeast China. Field Crops Res. 115, 116–123. doi: 10.1016/j.fcr.2009.10.016

 Khazaei, H., Subedi, M., Nickerson, M., Martínez-Villaluenga, C., Frias, J., and Vandenberg, A. (2019). Seed protein of lentils: current status, progress, and food applications. Foods 8:391. doi: 10.3390/foods8090391

 Kirkegaard, J., Christen, O., Krupinsky, J., and Layzell, D. (2008). Break crop benefits in temperate wheat production. Field Crops Res. 107, 185–195. doi: 10.1016/j.fcr.2008.02.010

 Koester, R. P., Nohl, B. M., Diers, B. W., and Ainsworth, E. A. (2016). Has photosynthetic capacity increased with 80 years of soybean breeding? An examination of historical soybean cultivars. Plant Cell Environ. 39, 1058–1067. doi: 10.1111/pce.12675 

 Lake, L., and Sadras, V. O. (2021). Lentil yield and crop growth rate are coupled under stress but uncoupled under favourable conditions. Eur. J. Agron. 126:126266. doi: 10.1016/j.eja.2021.126266

 Li, L., Bueckert, R. A., Gan, Y., and Warkentin, T. (2008). Light interception and radiation use efficiency of fern- and unifoliate-leaf chickpea cultivars. Can. J. Plant Sci. 88, 1025–1034. doi: 10.4141/CJPS07056

 Liu, G., Yang, C., Xu, K., Zhang, Z., Li, D., Wu, Z., et al. (2012). Development of yield and some photosynthetic characteristics during 82 years of genetic improvement of soybean genotypes in Northeast China. Aust. J. Crop. Sci. 6:1416.

 Mason, R. E., Hays, D. B., Mondal, S., Ibrahim, A. M. H., and Basnet, B. R. (2013). Qtl for yield, yield components and canopy temperature depression in wheat under late sown field conditions. Euphytica 194, 243–259. doi: 10.1007/s10681-013-0951-x

 Materne, M., and Brouwer, J. B. (1997). Coordinated Improvement Program for Australian Lentils (Cipal). Department of Natural Resources and Environment, Victoria.

 McKenzie, B. A., and Hill, G. D. (1991). Intercepted radiation and yield of lentils (Lens culinaris) in Canterbury, New Zealand. J. Agric. Sci. 117, 339–346. doi: 10.1017/S0021859600067083

 Miralles, D. J., and Slafer, G. A. (1997). Radiation interception and radiation use efficiency of near-isogenic wheat lines with different height. Euphytica 97, 201–208. doi: 10.1023/A:1003061706059

 Monteith, J. L. (1977). Climate and the efficiency of crop production in Britain. Philos. Trans. R. Soc. Lond. 281, 277–294.

 Morrison, M. J., Voldeng, H. D., and Cober, E. R. (1999). Physiological changes from 58 years of genetic improvement of short-season soybean cultivars in Canada. Agron. J. 91, 685–689. doi: 10.2134/agronj1999.914685x

 Morrison, M. J., Voldeng, H. D., and Cober, E. R. (2000). Agronomic changes from 58 years of genetic improvement of short-season soybean cultivars in Canada. Agron. J. 92, 780–784. doi: 10.2134/agronj2000.924780x

 Nielsen, S., Rogers, S., and Conway, A. (2021). Biometrytraining. R Package Version 0.6.0. Available at: https://Biometryhub.Github.Io/Biometrytraining (Accessed June 2021).

 Nielsen, S., Rogers, S., and Conway, A. (2022). Biometryassist: functions to assist design and analysis of agronomic experiments. Available at: Https://Biometryhub.Github.Io/Biometryassist/ (Accessed February 22, 2022).

 Ojima, M. (1974). Improvement of leaf photosynthesis in soybean varieties. JARQ 8, 6–12.

 Parry, M. A. J., Reynolds, M., Salvucci, M. E., Raines, C., Andralojc, P. J., Zhu, X.-G., et al. (2011). Raising yield potential of wheat. II. Increasing photosynthetic capacity and efficiency. J. Exp. Bot. 62, 453–467. doi: 10.1093/jxb/erq304 

 Peet, M. M., Bravo, A., Wallace, D. H., and Ozbun, J. L. (1977). Photosynthesis, stomatal resistance, and enzyme activities in relation to yield of field-grown dry bean varieties. Crop Sci. 17, 287–293. doi: 10.2135/cropsci1977.0011183X001700020014x

 Pietragalla, J. (2012). “Canopy temperature” in Physiological Breeding II: A Field Guide to Wheat Phenotyping. eds. A. J. D. Pask, J. Pietragalla, D. M. Mullan, and M. P. Reynolds (Mexico City: Cimmyt), 10–14.

 Reynolds, M. P., Balota, M., Delgado, M. I. B., Amani, I., and Fischer, R. A. (1994). Physiological and morphological traits associated with spring wheat yield under hot, irrigated conditions. Funct. Plant Biol. 21, 717–730. doi: 10.1071/PP9940717

 Reynolds, M. P., Delgado, M. I., Gutierrez-Rodriguez, M., and Larque-Saavedra, A. (2000a). Photosynthesis of wheat in a warm, irrigated environment I: genetic diversity and crop productivity. Field Crops Res. 66, 37–50. doi: 10.1016/S0378-4290(99)00077-5

 Reynolds, M. P., Foulkes, M. J., Slafer, G. A., Berry, P., Parry, M. A. J., Snape, J. W., et al. (2009). Raising yield potential in wheat. J. Exp. Bot. 60, 1899–1918. doi: 10.1093/jxb/erp016 

 Reynolds, M. P., Van Ginkel, M., and Ribaut, J. (2000b). Avenues for genetic modification of radiation use efficiency in wheat. J. Exp. Bot. 51, 459–473. doi: 10.1093/jexbot/51.suppl_1.459 

 Richards, R. A., Cavanagh, C. R., and Riffkin, P. (2019). Selection for erect canopy architecture can increase yield and biomass of spring wheat. Field Crops Res. 244:107649. doi: 10.1016/j.fcr.2019.107649

 Sadras, V. O., Lake, L., Leonforte, A., Mcmurray, L. S., and Paull, J. G. (2013). Screening field pea for adaptation to water and heat stress: Associations between yield, crop growth rate and seed abortion. Field Crops Res. 150, 63–73. doi: 10.1016/j.fcr.2013.05.023

 Sadras, V. O., Lawson, C., and Montoro, A. (2012). Photosynthetic traits in Australian wheat varieties released between 1958 and 2007. Field Crops Res. 134, 19–29. doi: 10.1016/j.fcr.2012.04.012

 Sadras, V., Rosewarne, G., and Lake, L. (2021). Australian lentil breeding between 1988 and 2019 has delivered greater yield gain under stress than under high-yield conditions. Front. Plant Sci. 12:830. doi: 10.3389/fpls.2021.674327

 Sharwood, R. E., Quick, W. P., Sargent, D., Estavillo, G. M., Silva-Perez, V., and Furbank, R. T. (2022). Mining for allelic gold: finding genetic variation in photosynthetic traits in crops and wild relatives. J. Exp. Bot. 73, 3085–3108. doi: 10.1093/Jxb/Erac081 

 Siddique, K. H. M., Erskine, W., Hobson, K., Knights, E. J., Leonforte, A., Khan, T. N., et al. (2013). Cool-season grain legume improvement in Australia—Use of genetic resources. Crop Pasture Sci. 64, 347–360. doi: 10.1071/CP13071

 Silva-Perez, V., De Faveri, J., Molero, G., Deery, D. M., Condon, A. G., Reynolds, M. P., et al. (2020). Genetic variation for photosynthetic capacity and efficiency in spring wheat. J. Exp. Bot. 71, 2299–2311. doi: 10.1093/jxb/erz439

 Tang, Y., Wu, X., Li, C., Yang, W., Huang, M., Ma, X., et al. (2017). Yield, growth, canopy traits and photosynthesis in high-yielding, synthetic hexaploid-derived Wheats cultivars compared with non-synthetic wheats. Crop Pasture Sci. 68, 115–125. doi: 10.1071/CP16072

 Tefera, A. T., Banerjee, B. P., Pandey, B. R., James, L., Puri, R. R., Cooray, O., et al. (2022). Estimating early season growth and biomass of field pea for selection of divergent ideotypes using proximal sensing. Field Crops Res. 277:108407. doi: 10.1016/j.fcr.2021.108407

 Trapani, N., Hall, A. J., Sadras, V. O., and Vilella, F. (1992). Ontogenetic changes in radiation use efficiency of sunflower (Helianthus annuus L.) crops. Field Crops Res. 29, 301–316. doi: 10.1016/0378-4290(92)90032-5

 Tullu, A., Kusmenoglu, I., Mcphee, K. E., and Muehlbauer, F. J. (2001). Characterization of core collection of lentil germplasm for phenology, morphology, seed and straw yields. Genet. Resour. Crop. Evol. 48, 143–152. doi: 10.1023/A:1011254629628

 Verón, S. R., Oesterheld, M., and Paruelo, J. M. (2005). Production as a function of resource availability: slopes and efficiencies are different. J. Veg. Sci. 16, 351–354. doi: 10.1111/j.1654-1103.2005.tb02373.x

 Whitehead, S. J., Summerfield, R. J., Muehlbauer, F. J., Coyne, C. J., Ellis, R. H., and Wheeler, T. R. (2000). Crop improvement and the accumulation and partitioning of biomass and nitrogen in lentil. Crop Sci. 40, 110–120. doi: 10.2135/cropsci2000.401110x


OPS/images/fpls-13-925987-g005.jpg
YOR

B
v @ 2
Biomass ' K

croeFw, 127 0as ()

CTD Fiw,138 DAS ’ rl

croepogissors | @)

cropeatesoas @y rd
GTDLPod 173 DAS [ fe
A J

Biomass.
CTD EFhw,127 DAS
CTD Fiw,138 DAS
CTD EPod, 158 DAS
CTD Pod, 165 DAS

CTD LPod 173 DAS

Days to flowering

e — |
-1 0.8-06-04-02 0 02040608 1

«
I}
9

Yield ’

Biomass

@) view
Biomass

CTD EFiw, 123 DAS

& ‘ CTD Fiw,136 DAS

CTD EFIw,123 DAS
CTD Fiw, 136 DAS

CTD EPod, 143 DAS |+

CTD Pod, 153 DAS.

CTD Pod, 153 DAS

CTD LPod, 166 DAS

@ (3 croePada3As

GTD LPod, 166 DAS

Days to flowering

o
o
LY

I ——
1 -0.8-06-04-02 0 02 0.4 0608 1





OPS/images/fpls-13-925987-M1.jpg
JPAR; (%)=

PAR; - PAR,

PAR;

x100

&)





OPS/images/fpls-13-925987-g003.jpg
FAPAR, (%)

O —T—T T T T o T 7T 1 T T
L Il af
R?=0.2, p=00094 o &
100} 3 A — 53, p=246-06 B
12 | R?=0.24, p=0005 5
S0 8 a,
g 5 10k =
= 4 5
z H a
H P TAs S
< 2 D
; B z
20 o
s A B
"
s T e
TR TR T R L T S L

I
a0l

o o
1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020

Year of release. B Year of release






OPS/images/fpls-13-925987-g004.jpg
lation rate, A (umol GO, m™s™)

CO; Assi

S oo 2 @ ;
™ oy R=047, p=o0ze |} &
9 RN
£ 06 5 e
g § 10 A a =
8 4 P .
§ oa- §osrt T
H s | N
3 3 oo-4a s, B
g oz~ g A 2] a
s . K] =y 2 05
Pt sopl e s
S R S s H
Y . R [y O Y S S
010012000 Z0s 2010j20 15,2020, 1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020

Year of release

Year of release

Year of release





OPS/images/fpls-13-925987-t003.jpg
Trait Average
2020

Yield (tha™') 191
Biomass veg (gm-) 5803
Biomass flw (gm") 36293
Biomass mat (gm") 71650
HI 039
Pod wall ratio 622
Seed size (g) 376
Leaf size veg (cm’) 195
Leaf size flw (cn’) 657
Stem dry weight veg (g) 008
Stem dry weight flw (g) 165
Leaves dry weight veg () 012
Leaves dry weight flw (g) 123
Plant dry weight veg (g) 020
Plant dry weight flw (g) 288
SPAD veg 39.15
SPAD flw 46.48
Leaf area per plant veg (cm?) 27.66
Leaf area per plant flw (cm?) 325.56
LMA veg (gm~) 4269
LMA flw (gm) 3794
Number of branches veg 269
Number of branches flw 807
Plant height veg (cm) 1118
Plant height flw (cm) 3868
/APAR, 49 DAS (%) 131
/APAR, 61 DAS (%) 267
/APAR, 89 DAS (%) 1674
fAPAR, 105 DAS (%) 3871
/APAR, 137 DAS (%) 93.96
/APAR, 180 DAS (%) 8734
APAR flw (M m ) 2635
RUE veg (gMJ) 083
RUE flw (gMJ™) 155
RUE veg to flw (gMJ) 137
Al (pmol CO, m™ ) 229
A pod (umol CO, m~s™) 1217
g. flw (mol H,Om™s™") 041
g. pod (mol H,0 m™ 0.09
CTD, 127 DAS (°C) 0.36
CTD, 138 DAS (°C) =022
CTD, 158 DAS (°C) —0.89
CTD, 165 DAS (°C) -1.86
CTD, 173 DAS (°C) —4.00

055
012
032
027
084
0.08
021
0.04
0.01
0.10
125
525
933
0.07
018
0.66
055

048

084

DF

35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
34
35
35
34
34
£
34
35
35
35
35
35

R YOR is the Pearson correlation of the rait with year of reease (populated from Supplementary Tables 3.5, 6. ).

"p >0.05; *p <0.05; **p <0.01; **%p <0.001

Value of p

<0.001

0.087
<0001

0212
<0001
<0001
<0001
<0.001
<0.001
<0010

0134
<0.001

0511
<0.001

0277
<0.001
<0.001
<0010

0820
<0050
<0.001
<0.001

0.107
<0.001
<0.001
<0001
<0001
<0001
<0010
<0010
<0050
<0.001
<0050
<0010

0223
<0050

0626

0129

0277
<0.001
<0.001
<0.001
<0010
<0010

RYOR

0627+
0127
0.30%
038"
0.49%%
0127
015"
035*
028"
012
0.38*
009"
017"
[T
030"
023"
020"
013"
013"
013"
008"
027"
~0.49%%
034"
073
—oa1™
o1
029"
016"
045
001"
024"

130
001"
016

—041%
026"

—047%*
020"

~0.47%%
025"

_033






OPS/images/fpls-13-925987-t001.jpg
Traits measured 2020 2021
Yield v v

Biomass veg, F21, mat

Harvest index (HI)

ANENIEN
ANENIEN

Canopy temperature depression (CTD) F8,
F20, F38, F53

Plant height veg and F21

Pod wall ratio

Seed size

Leaf size veg and flw

Stem dry weight veg and flw

Leaves dry weight veg and flw

Plant dry weight veg and flw

Chlorophyll content veg and flw

Leaf area per plant veg and flw

Leaf dry mass per area (LMA) veg and flw
Number of branches veg and flw

Plant height veg and flw

Light interception (fAPARi)
19,61,89,105,137,180 DAS

N N N N N N N VRN

<

Accumulated photosynthetic active radiation
(APAR) flw

Radiation use efficiency (RUE) veg and flw
RUE veg to flw

CO, assimilation rate (4) flw and pod

NN

Stomatal conductance (g.) flw and pod
Plant height mat v
Canopy height model (CHM) 95, 110, 126, v
137,123,136, 143, 153, 166 DAS

DAS, days after sowing; veg, vegetative stage; i, flowering stage; pod, early podding
stage; mat, physiological maturity stage; F plus a number indicates the approximate
number of days from the first lowering score; F§ (127 DAS in 2020 and 123 DAS in
2021); F21 (138 DAS in 2020 and 137 DAS in 2021); F38 (158 DAS in 2020:and 153 DAS
in 2021); F53 (173 DAS in 2020 and 166 DAS in 2021).





OPS/images/fpls-13-925987-t002.jpg
Trait Variety

Yield 000144+
Biomassveg  <0.001%*
Biomass F21  <0.001%+%
Biomass mat  <0.001%+*

HI <0001+

F21, 21 days from the first flowerin

Year

<0001+
<0001+
<0001+
<001+
00702

Variety x Year
<0001+
0.2469™

<0.05*

0.4490™
<0.001%#%

score (138 DAS in 2020 and 137 DAS in 2021); veg,

vegetative stage; mat, Maturity stage. Variety degrees of freedom: 35.

“p>0.0:

5 %p <0.05; **p <0.01; *4p 0.001





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Breeding has selected for architectural and photosynthetic traits in lentils



		Introduction



		Materials and methods



		Plant material and experimental design



		Measured traits



		Gas exchange



		Canopy temperature depression



		Plant height, branching, chlorophyll content and leaf area



		Light interception (fAPARi)



		Radiation use efficiency



		Yield, biomass and yield components



		Statistical analysis









		Results



		Environmental conditions



		Yield components



		Plant architecture and partitioning changed as consequence of breeding



		Historical and genetic variation in CO2 assimilation, stomatal conductance and canopy temperature depression









		Discussion



		Crop architecture



		Genotypic diversity in light interception



		Assessing CO2 assimilation rate, stomatal conductance and canopy temperature









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fpls-13-925987-g001.jpg
2021

2020

<

20C 0

150

a
L 8
= =

Wu =

= Q5
- T4 3
H L L ESi NN RN .
& & Sy B e s 2335838588 °

282 83¢R8 ¢
(W P) uoEIpEY JEf0g (0o) eumesedwal () yeyures sneiwno g 013
(3] w

DAS

DAS





OPS/images/fpls-13-925987-g002.jpg
Yield (t ha™)

AR N EE
R?=041, p=8e05 8

$RP=030, p=te0s

Biomass (g m™)

NO=—TT 1T 7T 7T 7T

Harvest index

T T T T T T
08
05
0.4
03

0.2]

0.1

1990 1995 2000 2005 2010 2015 2020
Year of release

300
1990 1995 2000 2005 2010 2015 2020

Year of release

X
1990 1995 2000 2005 2010 2015 2020

Year of release





OPS/images/fpls-13-925987-t005.jpg
Trait Variety Year Variety x Year

Plant height veg 00014+ <0001%+ 0.0814"
Plant height F21 00014+ <0001%+ <0.001%4%
CTD F§ <0.001%5 0.4803" <001+
CTD F20 <0.001%5 0.7482" <0.05*
CTD F38 00014+ 0.4796™ <0.001%4%
CTD F53 0,015 06110 0.0629"
CTD Avg <0.001%% 04753 <0.001%5%

F and a number indicates the approximate number of days from the firstflowering score;
F8 (127 DA 0 and 123 DAS in 2021); F21 (138 DAS in 2020 and 137 DAS in
2021); F38 (158 DAS in 2020 and 153 DAS in 2021); F53 (173 DAS in 2020 and 166 DAS
in2021).

“p >0.05; *p <0.05; *%p <0.01; **%p <0.001






OPS/images/fpls-13-925987-t004.jpg
Trait

Yield (tha)
Biomass veg (gm")
Biomass flw (gm-)
Biomass mat (gm")
HI

Plant height mat (cm)
CHM, 95 DAS (cm)
CHM, 110 DAS (cm)
CHM, 126 DAS (cm)
CHM, 137 DAS (cm)
CTD, 123 DAS (°C)
CTD, 136 DAS (°C)
CTD, 143 DAS (°C)
CTD, 153 DAS (°C)
CTD, 166 DAS (°C)

R YOR is the Pearson correlation of the rait with year of release (populated from Supplementary Tables 4,7, 9.

Average
259
3461
299.86
637.38
0.41
3315
9.06
1325
1857
2408
0.68
~034
-235
60
-4.49

"p > 0.05 *p < 0.05; *#p < 0.01; **%p < 0.001

SE
010
142
1034
1866
002
077
032
036
065
085
005
005
0.08
0.06
012

Value of p
<0.001
<0.001
<0.001
<0010
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.119
<0.050
<0.050
<0.050

0.075

RYOR

0.64%%%

0594+
0.44%
023
046
0594+
0,667+

~009"
0.08"
035
031

~0.10"





OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Breeding has selected for
architectural and photosynthetic
traits in lentils









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Plant Science





