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Abstract 

This article is written to disseminate descriptive results obtained from field experiments conducted at Bardiya, 

Nepal, during winter 2016 and 2017 on 324 diverse lentil (L. culinaris Medik.) genotypes obtained from 

genebanks and breeding programs around the world. Lentil genotypes were examined for phenological traits 

related to adaptation, and recommendations for potential incorporation of new exotic genotypes into Nepalese 

breeding programs are presented. In addition, predictions of days to flowering based on temperature and 

photoperiod are used to identify genotypes that hold suitability for specific growing regions in Nepal, allowing 

for the potential expansion of growing regions. From this study we found many potentially adapted genotypes for 

terai, mid-hill and high hill growing regions, the list consists of a number of large-seeded lines with yellow 

cotyledons, an entirely new market class of lentils in Nepal. This paper primarily targets lentil breeders and 

agronomists; furthermore, it can be equally informative to extension workers involved in the pulse crop research 

and development in Nepal and other countries with similar climatic conditions. 
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Introduction 

Globally, lentil is cultivated in more than 50 countries (FAO 2020) typically categorized into three major lentil 

growing macro-environments: mediterranean, sub-tropical savannah, and temperate, where temperature and 

daylength differ considerably during the growing season (Tullu et al. 2011; Khazaei et al. 2016; Wright et al. 

2020). There are about 58,000 accessions of the genus Lens (cultivated and wild species) currently housed in 

different gene banks worldwide (FAO 2010). These include landraces, breeding lines, advanced cultivars, and 

some unknown mixtures. Despite the availability of this large diversity, the majority of lentil breeding programs 

use only a fraction of it, primarily due to the adaptation constraints of lentil germplasm from one environment 

when grown in a different environment (Summerfield et al. 1985; Khazaei et al. 2016). These problems mostly 

arise from the temperature and photoperiod differences among environments (Summerfield et al. 1985). 

Therefore, in order to overcome adaptation constraints, understanding how diverse genotypes perform under field 
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conditions is essential for sustainable lentil breeding. The systematic and judicious use of genetic variability helps 

maximize genetic gain and, over time, productivity. 

Pulses are an integral part of a daily diet for Nepalese, and the majority of people consume pulses in the form of 

Dal at least twice a day. Lentil is ranked first in area and production amongst pulse crops, accounting for 62.93% 

of the total area and 65.76% of total pulse crop production in Nepal (MOALD 2020). It has also been prioritized 

as an agricultural commodity with high export potential, contributing to 2.3% of total national exports (USAID 

2011). Although Nepal exports lentils to other parts of the world, the national production is not adequate to meet 

in-country demand and there is a large supply gap. With a few exceptions, lentil is produced throughout the 

country, however, commercial production is concentrated mostly in the terai (MOALD 2020), as the top ten lentil 

producing districts are in this region (Pokhrel et al. 2018). The twelve cultivars of lentil, predominantly small red 

types, which have been released through the formal system in Nepal (SQCC 2020) have been mostly grown by 

farmers in the terai region. However, they tend to yield far less in the farmers’ fields than global lentil yield would 

predict, suggesting room for improvement. There are numerous reasons for this gap including limited availability 

of quality seeds and technical knowledge, disease incidence (mostly Stemphylium blight and Fusarium wilt; 

Yadav et al. 2017), and climatic stresses, especially early and terminal drought and erratic rainfall (Magar et al. 

2014). In addition, a dependency on limited genetic diversity (Ferguson et al. 1998; Khazaei et al. 2016), largely 

due to the genetic bottleneck created as lentils were disseminated through the Khyber Pass into the Indo-Gangetic 

Plain (Erskine et al. 2011), could be limiting increases in productivity. To overcome this constraint and expand 

germplasm diversity, the identification of germplasm sources that will likely be adapted to the region is necessary.  

With few exceptions, recent research aimed at introducing new genotypes has focused on material obtained from 

ICARDA. Most of these have been of South Asia and Mediterranean origin, potentially due to the need for early 

flowering (Gharti et al. 2014; Yadav et al. 2016; Pokhrel et al. 2018). The inclusion of relatively early flowering 

exotic germplasm with higher yield potential from other regions might help to increase the current production and 

area. Embracing genotypes with more diverse seed size and cotyledon color may also create greater interest among 

farmers and consumers. Additionally, due to the broad range of lentil growing environments, there is room for 

expanding lentil production into new environments (e.g., high hills).  

A photothermal model for lentil (1/f = a + bT + cP) described by Summerfield et al. (1985), has the potential for 

predicting days from sowing to flowering (DTF) and has been used in a wide range of pulse crops. A recent study 

by Wright et al. (2020) applied this photothermal model to a diverse collection of 324 lentil genotypes, enabling 

prediction of DTF of a given genotype by providing the temperature and photoperiod information of a chosen 

location. In addition, observations of DTF across nine locations were used to cluster genotypes into eight groups 

based on their phenological response to differing environments. The aim of this study was to identify sources of 

new diversity for lentil research and cultivar development in Nepal. With the limited availability of a narrow range 

of local as well as introduced diversity, the identification of promising, additional adapted genotypes can be 

employed with immediate action to aid in cultivar choice among farmers and potentially expand the area for lentil 

production in Nepal. More importantly, the information generated from this study could be used in breeding 

programmes with a view to future cultivar development through crosses with novel sources of diversity. 
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Materials and methods 

Field experiments and data collection 

Two field trials were conducted in the winter of 2016 and 2017 at Bardiya, Nepal (28°15'07.6"N, 81°30'05.4"E) 

with a diversity panel of 324 lentil genotypes obtained from genebanks of the International Center for Agricultural 

Research in the Dry Areas (ICARDA), United States Department of Agriculture (USDA), Plant Gene Resources 

of Canada (PGRC), as well as cultivars developed at the Crop Development Centre (CDC) of the University of 

Saskatchewan (U of S) (https://knowpulse.usask.ca/Lentil-Diversity-Panel). These genotypes primarily originated 

from 43 different countries, along with a few breeding lines from ICARDA, representing all three major lentil 

growing environments. The panel varied in seed size, cotyledon and seed coat colors and phenological traits. 

Seeds of each genotype were sown in small plots with 25 seeds in two 1 m rows in the first year and 50 seeds in 

two 1 m rows (50 cm apart) in the second year. For both years, the experimental design was a randomized lattice 

square (18 X 18), replicated three times. Both field experiments were phenotyped for Days to - emergence (DTE), 

flowering (DTF), swollen pod (DTS) and maturity (DTM) when 10% of plants had emerged, flowered, had 

swollen pods, and had 50% dry pods, respectively. Vegetative period (VEG) was recorded as the number of days 

between emergence and flowering and the reproductive period (REP) was calculated as the difference between 

DTM and DTF. Environmental data, temperature and rainfall, were obtained from the meteorological station 

located at Khajura, Banke (28°6'35"N, 81°35'42"E) in both years. Photoperiod data were extracted using the 

‘insol’ package in R (Corripio 2019) after providing latitude, longitude, specific day and time zone; duration 

between sunrise to sunset was used as the photoperiod value. 

Data analysis 

All data analyses were performed in R 3.5.0 software (R Core Team 2018). Data wrangling and visualization was 

done using the R packages: ‘tidyverse’ (Wickham 2017), ‘skimr’ (Quinn et al. 2019), ‘ggbeeswarm’ (Clarke and 

Sherrill-Mix 2017), ‘ggpubr’ (Kassambara 2018). An analysis of variance (ANOVA) was performed with the 

mixed model procedure using the ‘lmerTest’ package (Kuznetsova et al. 2017) to compare 324 lentil genotypes 

for DTE, DTF, DTS, DTM, VEG and REP. During the analysis, genotype (G), experiment year (E) and their 

interaction (G X E) were considered as the fixed effects, whereas block nested over the replication again nested 

within the experiment year was considered as a random effect.  The mixed model we used for the analysis was - 

yi=Xibi+Zigi+ei 

where yi is a response variable observed for individual i, bi is a vector of fixed effects, gi is a vector of random 

effect for individuals and ei represents residuals for the trait or environment i. X and Z are explanatory variables. 

For each phenological trait, if the ANOVA indicated significant differences at or above the P<0.05 level, the 

means were separated by the least significant difference (LSD) method using “emmeans’ package (Russell 2019) 

in R. Values of measured traits were averaged across the two years if no significant G X E (P>0.05) was detected. 

For analysis of individual years where G X E was significant, genotypes were considered a fixed effect, and 

replication was considered a random effect.  
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Correlation analysis among phenological traits was conducted using Pearson’s method and plots were generated 

using the ‘GGally’ (Schloerke et al. 2019) package in R. 

Results and discussion 

Variation in phenological traits among genotypes and experimental years 

Considerable variation was observed for phenological traits among 324 lentil genotypes as well as between years 

(Fig. 1). The phenological traits DTE, DTF, DTS and DTM were all significantly different (P<0.001) for genotype 

and had a significant genotype by year interaction (Table 1). The vegetative period (VEG) and reproductive period 

(REP) were also significantly different (P<0.001) for genotype and had a genotype by year interaction. All traits, 

except DTE and REP, were significantly different between years. The significant year variation for DTF, DTS 

and DTM are likely the result of environmental factors related to an earlier seeding date in the second year (Fig. 

2). As both field experiments were conducted during the same time of year and at the same location, photoperiod 

did not differ significantly (Fig 2); thus, the phenotypic variation was most likely due to the temperature, rainfall 

and other additional factors such as light quality, solar radiation, etc. experienced in the second growing year. Due 

to elevated temperatures late in the growing season, 67 genotypes did not flower, and an additional 153 genotypes 

did not make it to full maturity in at least one replication in 2016. At 149 days after sowing, all plots that produced 

seeds were harvested in 2016.  

 

Figure 1. Variation in A. Days to – emergence (DTE), flowering (DTF), swollen pod (DTS), maturity (DTM) 

from seeding, and B. vegetative period (VEG) and reproductive period (REP) of 324 genotypes grown in the 

winter of 2016 and 2017 at Bardiya, Nepal. The width of a plot indicates the distributions’ density, and the 

whiskers on the box plots represent 1.5 times the quartile of the data. Individuals falling outside the range of the 

whiskers are represented as black dots. 
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Figure 2. Variation in temperature (℃), rainfall (mm) and daylength (h) during field experiments in 2016 (top) 

and 2017 (bottom). The X-axis represents the months of the field experiments, and Y-axis represents temperature, 

rainfall (precipitation) and daylength. The red line in both plots is the average temperature, and the grey shadow 

on the red line is maximum and minimum temperature, whereas the yellow line is daylength, and blue bars are 

the amount of rainfall on a particular day. 

 

The strong positive correlations of DTF with DTS, DTM and VEG, and negative correlation with REP (Fig. 3), 

as well as a non-significant difference of REP among years (Table 1), indicated DTF is the primary factor driving 

adaptation and selection of genotypes in a Nepalese environment. Therefore, only DTF is used hereafter for further 

discussion. 

 
Figure 3. Correlations along with the corresponding correlation coefficients (shown as Cor) among days from 

sowing to - emergence (DTE), flowering (DTF), swollen pod (DTS), maturity (DTM) as well as vegetative period 
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(VEG) and reproductive period (REP). Different colors represent two different years of field trials, i.e. 2016 (dark 

blue) and 2017 (grey-blue). 

Table 1. Analysis of Variance (ANOVA) results of 324 lentil genotypes evaluated for DTE, DTF, DTS and DTM 

as well as VEG and REP in the winter of 2016 and 2017 at Bardiya, Nepal. 

Source of Variation DTE DTF DTS DTM VEG REP 

Genotype *** *** *** *** *** *** 

Year ns * ** *** ** ns 

Genotype X Year (G X E) *** *** *** *** *** *** 

DTE=Days to Emergence, DTF=Days to Flowering, DTS=Days to Swollen Pod, DTM=Days to Maturity, 
VEG=Vegetative Period and REP= Reproductive Period 

***, significant at P<0.001; **, significant at P<0.01; *, significant at P<0.05; ns, not significant. 

New genotypic options for Nepalese agricultural systems  

Variations in DTF existed both within and amongst countries of origin, with genotypes from South Asian countries 

tending to flower earliest, those from Latin American and temperate countries the latest, and both early and later 

flowering genotypes came from Mediterranean countries (Fig. 4). However, caution should be used when 

considering the country of origin, as this information might not always be correct and could represent diverse 

growing regions that exist within a country. For example, Ethiopia, Turkey, and Nepal have both highland and 

lowland production regions with differing temperature and photoperiod regimes during the growing season.  

Using principal component analysis (PCA) and hierarchical clustering of DTF across 18 site-years, the 324 

genotypes were classified into eight groups, reflecting their phenological response to varying temperatures and 

photoperiods (Wright et al. 2020). Genotypes with South Asian origins were predominately found in clusters 1 

and 2, with some later flowering genotypes in cluster 5 (Fig. 4). Cluster 5 represents those genotypes with the 

lowest temperature sensitivity (Wright et al. 2020), likely adapted to the cooler, intermediate elevations between 

the Afghanistan highlands and the Indo-Gangetic Plain as lentils were disseminated through the Khyber Pass. The 

lack of representation of south Asian genotypes in other clusters illustrates the intense selection pressures that 

have resulted in a bottleneck limiting genetic diversity within germplasm grown in the region. These clusters can 

be used as a guide for identifying new genotypes that could be used to increase production and genetic diversity 

in the region. 
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Figure 4. Days to Flowering (DTF) of 324 genotypes grown in the winter of 2016 and 2017 at Bardiya, Nepal, 

based on their country and geographical region of origin. Different colored dots represent genotypes from eight 

different clusters derived from principal component analysis and hierarchical clustering (Wright et al. 2020). 

Genotypes from the ICARDA breeding program were kept separate as they are a mix of germplasm from a large 

breeding program.  

Among the eight DTF clusters, cluster 1 was earliest to flower followed by cluster 2, then cluster 3; clusters 4-8 

were all similar and late (Fig. 4). Due to the need of lentil breeders in South Asia to develop early flowering and 

maturing varieties to capture residual soil moisture and to avoid spring terminal drought (Sarker and Erskine 

2006), all genotypes from clusters 1 and 2 could be considered for further screening and immediate use in a 

breeding program.  If, on the other hand, the goal is to broaden the genetic diversity, identifying genotypes outside 

of these cluster groups would be preferred but would need to be crossed to adapted material and subject to intense 

selection for appropriate maturity. Likewise, since a majority of the lentil cultivars in Nepal originated from either 

South Asia or the Mediterranean (Gharti et al. 2014; Yadav et al. 2016; Pokharel et al. 2018), genotypes originating 

from beyond the usual sources (i.e. countries other than South Asian, Mediterranean, and ICARDA origin), but 

that still flower and mature early, would also serve this purpose.  

Identifying genotypes for testing in expanded growing regions using a photothermal model 

In a previous study by Wright et al. (2020), a photothermal model was used to predict DTF on the 324 lentil 

genotypes used in this study based on multiple field experiments in the major lentil growing regions. This 

knowledge can be leveraged to predict DTF based on the average temperature and photoperiod of a given 

environment and identify genotypes which likely have the appropriate phenology for that location. Since the Grain 

Legume Research Program of Nepal is located at Khajura, Banke, and the Nepal Agricultural Research Council 

has research stations located in Kathmandu and Jumla where they have been conducting lentil research trials, 

these three locations were chosen as representative sites of the major agricultural growing regions - the terai, mid 

hills and high hills, respectively. The average temperature during the lentil growing season in these three locations 

(from 1982 to 2012) was acquired from https://en.climate-data.org/. We then ran the photothermal model to 

identify putative genotypes suitable for testing in these environmentally contrasting growing regions. Due to the 

tendency for under-prediction of DTF by the model in Nepal (Wright et al. 2020), the desire for early flowering 
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by breeders, and the dominance of clusters 1, 2 and 5 among South Asian genotypes, we used the maximum DTF 

from cluster 2 of the South Asian genotypes as a cut off for our selection criteria when evaluating for potentially 

adapted genotypes in Banke and Kathmandu. Similarly, we used the maximum DTF of cluster 5 for Jumla since 

we predict those likely represent the highland adapted genotypes.  

In Banke, lentil is generally seeded in early November and harvested around late March to early April (Yadav et 

al. 2007). The average temperature during the lentil growing season would be around 20.1℃, and the day length 

is 11.16 h. After entering this information into the model, we found 99 genotypes (Fig. 5), which might be suitable 

for testing in the terai region. 71 of these are from outside South Asia; 32 are not from clusters 1 or 2, and 14 are 

large-seeded with yellow cotyledons offering a range of diversity (Supplemental Table 1). Similar to Banke, lentil 

is generally seeded around late October to early November and harvested around late March to early April in and 

around the Kathmandu Valley (Neupane and Shrestha 1991). The average temperature during this time would be 

around 13.8 °C and daylength is 11.2 h. Based on the model, we found 82 genotypes (Fig. 5) which might be 

suitable for the mid-hills region. 51 of these are originating from outside South Asia; 10 are not from clusters 1 or 

2, and one is large-seeded with yellow cotyledons (Supplemental Table 2). Unlike in Banke and Kathmandu, lentil 

is generally seeded late March to early April and harvested in late August to early September in Jumla (Dhital et 

al. 1994). The average temperature during this time would be 9.6 °C with an average daylength of 13.5 h. Based 

on the model, we found 126 genotypes (Fig. 5) which might be suitable for the high hills region. 91 of these 

originated from outside South Asia; 56 of these are not from clusters 1 or 2, and 34 are large-seeded with yellow 

cotyledons mostly from cluster 5, a group with reduced sensitivity to low temperatures (Supplemental Table 3).  

These genotypes should be tested on-farm and could be used to establish rapid expansion of the lentil production 

in high hill regions. In regions like Jumla where lentils would be grown in spring to fall, it had been expected that 

genotypes from temperate regions (e.g., Canada) might perform better than the genotypes from winter growing 

regions (e.g. India); however, we did not find such results from the photothermal model (Fig. 5). This emphasizes 

the strong role of the combination of temperature and photoperiod in lentil adaptation and demonstrates the 

potential usefulness of the photothermal model for pre-screening genotypes. 
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Figure 5: Predicted Days to Flowering (DTF) of 324 genotypes for Banke, Kathmandu, and Jumla as the 

representative of the major agricultural growing regions viz. the terai, mid-hill and high hill of Nepal, derived 

from a photothermal model from the study by Wright et al. (2020) using in-season average temperature (T) and 

photoperiod (P) of each environment. The colored points are the genotypes from different clusters, considered to 

have appropriate phenology for the location or adapted genotypes out of 324 genotypes set for each growing 

region. For prediction, the maximum DTF from cluster 2 of the South Asian genotypes was considered a cutoff 

for Banke and Kathmandu, the maximum from cluster 5 for Jumla. 

Among the adapted genotypes from different clusters, genotypes from clusters 1 and 2 were deemed more 

promising than those from other groups for both highland and lowland locations. Cluster 5 offers additional 

genotypes that may be suitable in the highland location, supporting the idea that the highlands were an 

intermediate production region for lentil as they were disseminated into South Asia, and were selected for early 

flowering (Erskine et al. 2011). In all three locations, we have identified a set of adapted genotypes within which 

are genotypes with larger seed sizes and different cotyledon colors than the currently available Nepalese cultivars. 

This would help to establish additional market classes for export from Nepal.  

While this analysis focused on DTF, and thus does not directly address the yield gap present between Nepal and 

some of the other major production regions for lentils, the introduction of new, exotic genetic diversity, identified 

herein should assist and/or increase the yearly yield gain by lentil breeders in Nepal. We recommend separate 

trials with these genotypes in larger sized plots to assess the grain yield. 

Conclusion 

Significant variation for all phenology related traits was present among the 324 lentil genotypes grown in Bardiya, 

Nepal. Days to flower was considered the primary factor governing adaptation due to a high positive correlation 

with maturity, and a negative correlation with the reproductive period. A previous study involving this diversity 

panel categorized lentil genotypes into eight groups and demonstrated the ability to predict DTF based on average 

temperature and photoperiod. Leveraging this knowledge, we were able to predict genotypes suitable for different 
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lentil production regions within Nepal that could be used to expand the genetic diversity. When considering 

Banke, Kathmandu and Jumla as the representative of terai, mid-hill and high hill growing regions, we found 

many potentially adapted genotypes for each region and several of  which  are either large-seeded or with yellow 

cotyledons that could contribute to entirely new market classes of lentils in Nepal and help increase production 

and export options. 
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Supplemental tables  

Table 1: Germplasm listing along with phenological data collected over two years of testing in Bardiya, Nepal as 

well as seed characteristics.  

Table 2: Environmental data – daily max and min temperatures, mean daily temperature, rainfall amounts and 

daylength during the growing seasons over two years of testing in Bardiya, Nepal. 

Table 3: List of potential genotypes for Banke, Nepal, representative of terai growing region, obtained after 

providing in-season average temperature and photoperiod, expected days to flowering, and using the coefficients 

derived phenological study in lentil by Wright et al. (2020) into the photothermal model 1/f = a +bT +cP. 
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Table 4: List of potential genotypes for Kathmandu, Nepal, representative of mid-hill growing region, obtained 

after providing in-season average temperature and photoperiod, expected days to flowering, and using the 

coefficients derived phenological study in lentil by Wright et al. (2020) into the photothermal model 1/f = a +bT 

+cP. 

Table 3: List of potential genotypes for Jumla, Nepal, representative of high hill growing region, obtained after 

providing in-season average temperature and photoperiod, expected days to flowering, and using the coefficients 

derived phenological study in lentil by Wright et al. (2020) into the photothermal model 1/f = a +bT +cP. 
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