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Abstract
Coix lacryma-jobi L. is a minor millet and an underutilized crop native to Asia that is of paramount importance in food and 
medicine. In India, the crop is mainly grown in the northeastern hill region for food, medicine, beverage, and fodder pur-
poses. Genetic information on edible Job’s tears and wild relatives still needs improvement. Therefore, the study focused on 
characterizing 65 accessions of Job’s tears, including landraces and wild types collected from the northeastern hill region 
of India, using 20 morphological traits, three biochemical traits, and 16 SSR markers. Based on grain yield data, JTN11 and 
IC89392 were the most promising accessions. Biochemical analysis recorded IC417053, JTN3, and IC89393 as having the 
highest phenol content, antioxidant capacity, and flavonoid content, respectively. Principal component analysis showed that 
traits, namely, total phenol content, leaf length, spikelet/plant, brace root, and seed yield/plant, have significantly contributed 
to the diversity. In molecular characterization with SSR primers, 62 alleles were generated, with an average of 3.87 alleles 
per locus. The effective number of alleles detected varied from 1.17 (GBssrJT32) to 4.23 (GBssrJT198). Two alleles were 
found unique to wild accessions, underscoring the importance of preserving these varieties for future research and breeding. 
Based on the UPGMA dendrogram, IC416868, IC521338, IC417053, IC419466, IC540173, IC540281, IC89387, IC89393, 
and JTN3 were identified as diverse accessions. The high level of genetic diversity assessed in this study emphasizes the 
importance of the Indian NEH region for conserving Job’s tears germplasm. The observed pattern of genetic variations may 
be used to develop the breeding strategy in Job’s tears.
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Introduction

Coix lacryma-jobi L. (2n = 4X = 20), also known as Adlay, 
Jobi, Coix, and Job’s tears, belongs to the Poaceae family, 
which comprises 6–11 species. Coix is a light-sensitive, 
short-day-long, and kharif-season crop. It is widely cul-
tivated in Southeast Asian countries for food, fodder, and 

medicinal purposes. The crop has significant health ben-
efits and provides good medical values with high antioxidant 
properties. It also has anti-inflammatory, anti-tumour, anti-
bacterial, and anti-obesity activities (Diningrat et al. 2021; 
Ferrer et al. 2021; Igbokwe et al. 2021). Coix seed contains 
61–83% starch carbohydrate and protein content of around 
12–14 mg/100 mg total weight (Devaraj et al. 2020; Ouyang 
et al. 2022).

Much research on Coix has been conducted in China, sur-
passing the efforts made in India. Despite being highly nutri-
tious, resilient to climate variations, less prone to insects and 
diseases, locally available, and having medicinal importance 
(Devaraj et al. 2020), the crop is predominantly cultivated 
as a minor millet in the northeastern hilly regions of India. 
This region is considered one of the primary centres for cul-
tivating Job’s tears (Laxmisha et al. 2022). The limited and 
sporadic cultivation of Coix’s local types and wild relatives 
in rural areas is now mainly concentrated only for medicinal 
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and ornamental purposes. Coix is underutilized primarily 
due to the growing popularity of other cereals in the region, 
the predominance of local types, and the lack of proper agro-
nomic practices, resulting in lower crop yields.

Molecular markers are vital for describing genotypes and 
providing information about the relationship between mark-
ers and traits. Additionally, morphological and biochemical 
analyses assist in characterizing and classifying accessions. 
Therefore, it is essential to evaluate the available genetic 
resources and understand the genetic diversity of Coix 
germplasm for proper management, utilization, selection, 
and identification of genotypes for various plant breeding 
programs. In addition to morphological (Yao et al. 2013; 
Wang et al. 2013; Kumar et al. 2017; Laxmisha et al. 2022) 
and biochemical traits (Hore and Rathi 2007; Xi et al. 2016; 
Laxmisha et al. 2022), molecular markers have been uti-
lized to assess the genetic diversity of Coix genotypes grown 
in different regions. For example, Li et al. (2001) detected 
genetic diversity between different Coix genotypes using 
random amplified polymorphic DNA (RAPD) markers. 
Similarly, Fu et al. (2019) used amplified fragment length 
polymorphism (AFLP) markers, Xi et al. (2016) used inter-
simple sequence repeat (ISSR) markers, while Ma et al. 
(2010), Cong et al. (2023), and Kumar et al. (2024) used 
SSR markers for the same purpose.

Limited research has been conducted on Coix, and the 
crop remains unfamiliar to many parts of India, except for a 
few regions in the northeastern states. Most of the research 
has focused on accessions collected from China and Korea. 
Further study and research would provide insight into Coix’s 
nutritional richness and high antioxidant properties. This 
study aims to evaluate the morphological, biochemical, and 
molecular variations of Job’s tears accessions collected from 
the northeastern part of India. The objective was to gather 
information to identify the most suitable accessions for use 
as parents and for better conservation of the germplasm, 
ensuring their future utilization in other breeding programs.

Materials and Methods

Plant Materials

The study used 65 accessions (Supplementary Table S1) 
from various locations in India’s northeastern hill (NEH) 
region, gathered from ICAR-NBPGR Regional Station 
Shillong, including five wild accessions from Meghalaya. 
The accessions were cultivated in a planned augmented field 
design at the Plant Breeding farm, ICAR, Umiam, in four 
5-m row plots. The planting followed a plant-to-plant spac-
ing of 40 cm and row-to-row distance of 50 cm in a well-
ploughed field, with a check (Vhine No.1) planted randomly 
in each plot.

Morphological Parameters

Observations for twenty-five morphological-biochemical 
traits were recorded for 65 accessions. Nineteen quantita-
tive traits, including plant height (PH), panicle length (PL), 
number of tillers/plants, number of nodes/tillers, average 
internode length/tiller, number of brace roots/tiller (BR), 
the girth of tiller (cm), number of leaves/tillers (NOL), leaf 
length (LL), leaf breadth (LB), leaf area Index (LAI), chlo-
rophyll concentration (SPAD value), spikelet/tiller, spike/
spikelet, 100 seed wt. (100SW), grain yield, phenol content 
(PC), anthocyanin content (AC), and flavonoid content (FC), 
were evaluated (Supplementary Table S2). Plant height was 
measured from the ground to the top of the spike. NOL, LL, 
LB, LAI, and SPAD values were measured at the repro-
ducing stage of the crop. Nodes/tiller, internodes/tiller, BR, 
and girth were recorded at the physiological maturity stage. 
Spikelets/spike, spike/tiller, GY, and 100SW were deter-
mined after crop harvesting. Assessment of six qualitative 
traits, including stem colour (SC), leaf colour (LC), leaf tex-
ture (LT), inflorescence compactness (IC), grain shape (GS), 
and grain colour (GC), was also recorded (Supplementary 
Table S2).

DNA Isolation and PCR Amplification

Genomic DNA was extracted from 30-day seedlings using 
the CTAB method (Saghai-Maroof et al. 1984) with the 
modification of 2% polyvinylpyrrolidone added in extrac-
tion buffer. The relative purity and DNA concentration were 
estimated using a Thermo Scientific Nanodrop 2000 Spec-
trophotometer. For molecular characterization, a set of 16 
primer pairs (Ma et al. 2006) were used (Supplementary 
Table S3). Polymerase chain reaction (PCR) amplifica-
tion was carried out with 40 ng of genomic DNA, 2.5 mM 
 MgCl2, 1U Taq DNA polymerase, 1X PCR buffer without 
 MgCl2, 0.25 μM of each of primers, and 200 μM of dNTPs. 
The volume was made up to 20 μl with PCR-grade water. 
PCR reactions were carried out in a Veriti™ thermal cycler 
(Applied Biosystems). The PCR conditions consisted of 
94 °C (3 min) initial denaturation followed by 35 cycles 
of 94 °C (30 s) denaturation, 52–61 °C (45 s) annealing, 
followed by 72 °C (1 min) extension, and a final extension 
at 72 °C for 10 min. The amplified products were analyzed 
by electrophoresis using agarose gel (3%). The gels were 
visualized in a UV gel documentation system for analysis of 
DNA bands, and the sizes of the amplified fragments were 
confirmed by using a 100 bp DNA ladder as the size refer-
ence standard.
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Biochemical Estimation

The total phenol content of seed extract was estimated using 
the Folin–Ciocalteau (FC) method (Volluri et al. 2011). Gal-
lic acid was used as a standard, and the total phenols were 
expressed as mg/g gallic acid equivalent using the standard 
curve equation: y = 0.0022x − 0.0155, R2 = 0.999, where y is 
the absorbance at 760 nm and x is the total phenolic content 
in the different extracts of Job’s tears expressed in mg/gm 
(Supplementary Fig. S1).

Total flavonoid content was determined by the alumin-
ium chloride colourimetric method (Chang et al. 2002). The 
amount of total flavonoid was determined with the Quercetin 
reagent. Quercetin was used as a standard compound, and 
the total flavonoid was expressed as mg/g Quercetin equiva-
lent using the standard curve (Supplementary Fig. S2) equa-
tion: y = 0.738x + 0.076, R2 = 0.990, where y is the absorb-
ance at 510 nm and x is the total flavonoid content in the 
extracts of Job’s tears expressed in mg/gm.

Total antioxidant capacity was estimated by the phos-
phomolybdenum method (Prieto et al. 1999). Ascorbic acid 
was used as a standard compound. The total antioxidant 
content was expressed as mg/g ascorbic acid equivalent 
using the standard curve (Supplementary Fig. S3) equation: 
y = 0.0035x − 0.252, R2 = 0.996, where y is the absorbance 
at 695 nm. X is the total antioxidant content in the differ-
ent extracts of Job’s tears expressed in mg/gm ascorbic acid 
equivalent.

Statistical Analysis

Descriptive statistics of morphological traits, phenotypic 
correlation coefficient, and principal component analysis 
(PCA) were computed using XLSTAT software. D2 and 
path coefficient analyses based on quantitative traits were 
done using Windostat 8.5 software (Indostat Services, 
Hyderabad). Simple sequence repeats (SSR) amplicons 
obtained were resolved as a single band on the agarose gel 
system, and the dataset was used to calculate polymorphism 
information content (PIC), major allele frequency, and pair-
wise Nei et al. (1983) genetic distance using PowerMarker 
v3.25 software (Liu and Muse 2005). The nexus tree file 
generated from PowerMarker v3.25 software was used to 
create a neighbour-joining dendrogram using MEGA11 
software (Tamura et al. 2021). The parameters of genetic 
diversity Neiʼs expected heterozygosity, Shannon’s informa-
tion index (I), and Neiʼs coefficient were calculated using 
PopGene 1.32 (Yeh et al. 2000). The population structure 
of Coix accessions was inferred by the Bayesian model-
based clustering algorithm of STRU CTU RE v.2.3.4 soft-
ware (Pritchard et al. 2000). The analyses were carried out 
using the admixture model option. The K value indicating 
the number of sub-populations was identified by performing 

Markov Chain Monte Carlo (MCMC) runs for each value of 
K from 1 to 10. Each run comprised 50,000 burn-in periods 
and 100,000 MCMC replicates. The Mantel test was carried 
out to compare the two distance matrices obtained from the 
quantitative traits and SSR marker using NTSYS-PC (ver. 
2.02j; Exeter Software, NY, Rohlf 1993).

Results

Agro‑morphological Trait Analysis

Qualitative traits such as stem colour, leaf colour, leaf tex-
ture, panicle compactness, seed shape, and seed colour 
showed significant differences in the Coix accessions’ phe-
notype. The seed colour diversity ranged from shades of 
white and brown to black (Fig. 1) and was categorized as 
cream (29.2%), grey (21.5%), light brown (16.9%), white 
(15.3%), dark brown (12.3%), and black (4.6%), respec-
tively. Most accessions had distinct stripes, while some had 
smooth seed surfaces. Among the accessions, 53.8% had 
ovate seeds, 35.3% had round seeds, and 10.7% had spindle-
shaped seeds. Additionally, most accessions exhibited dark 
green leaf colour (52.3%) and leaf pubescence (53.8%). 
Compact inflorescence was observed in 15.3% of the acces-
sions, while 84.61% had loose inflorescence. Stem colour 
also varied, with 80% green and 20% purple. All the quan-
titative traits showed genetic variation ranging from 12.69 
to 72.89% (Table 1). The mean value, standard deviation, 
and variance of each quantitative trait revealed wide vari-
ations among all 65 accessions. The shortest plant height 
(76.66 cm) among the cultivated accessions was recorded 
for IC89394 from Meghalaya, indicating its potential inclu-
sion in breeding programs for developing shorter cultivars 
of Job’s tears. Two important morphological traits, 100SW 
and GY, were highest in accessions IC89383 (14.83 g) and 
JTN11 (135.81 g), respectively.

Correlation, Path Coefficient, Genetic Divergence, 
and PCA Analysis

Correlation coefficients were estimated among all the 
traits, indicating the inherent association between any two 
variables, which might have occurred due to the pleio-
tropic action of genes, linkage or, more likely, both. Grain 
yield per plant was found to be positively and significantly 
(P < 0.05) correlated with the number of tillers/plant 
(0.76), number of brace root/plant (0.62), and 100 SW 
(0.53). The 100 seed weight positively and significantly 
correlated with leaf length, breadth, and tiller number/
plant. Phenol content was positively and significantly cor-
related with flavonoid content. However, phenol and flavo-
noid contents were negatively and significantly correlated 
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with leaf length (LL), leaf breadth (LB), number of leaves/
tiller (NOL), number of nodes/plant, and girth of tillers 
(Fig. 2). Nodes per plant were significantly positively cor-
related with NOL (0.84), LL (0.59), girth of tillers (0.59), 

and LB (0.41). Similarly, the SPAD value positively cor-
related with internodes (0.46) and spikelet per plant (0.42) 
but negatively correlated with LL, NOL, number nodes/
tiller, and girth/tiller (Fig. 2).

Fig. 1  Representative picture a showing a Job’s tears plant in the field during seed set. b Variation observed in Job’s tears accessions with 
respect to grain colour, shape, and size. Name of the accession corresponds to Supplementary Table S1

Table 1  Descriptive statistics showing the mean values for agro-morphological and biochemical traits among 65 accessions

Statistic Minimum Maximum Mean Variance Variation coef-
ficient

Standard error 
of the mean

Plant height (cm) 76.66 179.00 113.05 544.89 0.21 2.92
Panicle length (cm) 17.19 166.00 85.08 574.47 0.28 3.00
Number of tillers/plants 1.00 28.00 4.06 19.97 1.10 0.56
Number of nodes/tillers 6.00 13.00 8.51 1.85 0.16 0.17
Average internode length/tiller 15.40 33.78 22.93 15.94 0.17 0.50
Number of brace roots/tiller 1.00 22.00 5.97 11.14 0.56 0.42
Girth of tiller (cm) 4.10 14.03 8.51 4.03 0.24 0.25
Number of leaves/tillers 6.00 14.00 9.00 1.97 0.16 0.18
Leaf length (cm) 39.83 77.13 51.01 59.09 0.15 0.96
Leaf breadth (cm) 2.96 5.79 3.88 0.35 0.15 0.07
Leaf area index 3.23 41.10 28.95 32.47 0.20 0.71
SPAD 24.51 65.21 42.88 83.89 0.21 1.14
Spikelet/tiller 9.00 125.00 52.88 642.54 0.48 3.17
Spike/spikelet 2.00 7.00 3.88 0.85 0.24 0.11
100 seed wt. (g) 0.00 15.12 8.91 13.17 0.41 0.45
Phenol content (mg GAE/g sample) 5.60 10.20 7.32 1.23 0.15 0.14
Flavonoid content (mg QE/g sample) 4.60 23.60 12.84 29.32 0.42 0.68
Antioxidant content (mg AAE/100 g sample) 20.00 72.00 40.36 137.42 0.29 1.47
Grain yield 3.28 492.00 54.99 7910.98 1.62 11.12
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Path coefficient analysis was performed to estimate the 
direct and indirect contribution of various agro-morpholog-
ical and biochemical traits to grain yield per plant (Supple-
mentary Table S4). All other characters positively affected 
grain yield except for plant height, panicle length, number 
of internodes/tillers, leaf length, leaf area index, phenol, and 
antioxidant capacity. Tiller per plant exhibited maximum 
direct effect followed by the number of brace root/tiller, 
the girth of the tiller, SPAD and 100SW. Except for panicle 
length, all the characters with a significant positive corre-
lation with grain yield per plant also exerted a high direct 
positive effect on grain yield. Panicle length had a negative 
direct effect on grain yield. However, its indirect positive 
impact through the number of tillers per plant, number of 
brace root/tiller, tiller girth, and 100 seed weight made its 
association with grain yield/plant significantly positive. This 
implies that the increase in grain yield/plant on selection of 
taller panicle is basically because of the rise in the number of 
tillers per plant, number of brace root/tiller, tiller girth, and 
100 seed weight; the panicle length has the negative direct 
effect on plant grain yield.

In genetic divergence studies (D2) based on morpho-
logical and biochemical traits, all 65 Job’s tear accessions 
were grouped into 9 clusters (Supplementary Table S5). 
Cluster I (45) retained the maximum accessions, followed 
by Cluster III (11). Genotype JTN8 alone formed cluster 
V and exhibited the least values for all the traits except 
spikelet/tiller and total antioxidant content, which was the 
maximum in this cluster. Cluster IX consists of only one 

genotype (W1) that exhibited maximum mean values for 
100 seed weight (Supplementary Table S6). The maximum 
contribution towards divergence was phenol content, fol-
lowed by 100 seed weight and the number of tillers per 
plant. Grain yield per plant and girth of tillers contributed 
the least to the total diversity.

Principal component analysis grouped the Job’s tears 
variables into six main components with an eigenvalue 
greater than 1, accounting for 77.75% of the total varia-
tion of agronomic traits. Among the components, PC1 and 
PC2 exhibited maximum variation of 29.58% and 16.49% 
for the traits studied with an eigenvalue of 5.62 and 3.13, 
respectively (Table 2).

Scree plot explained the percentage of variance contrib-
uted by each principal component (Fig. 3a).

Leaf length, number of leaves/tillers, girth/tiller, leaf 
breadth, and number of nodes/tiller were the significant 
factors contributing to PC1. Meanwhile, panicle length, 
plant height, SPAD, brace root, number of spikelets/plant, 
and 100SW contributed the most to PC2 (Table 2). Indi-
viduals were also grouped based on their geographical 
area of collection. Accessions that contributed maximum 
to two principal components were JTN11, JTN9, JTN3, 
IC89392, JTN17, JTN10, JTN1, Vhine no.1, JTN16, and 
JTN4, which were initially collected from Nagaland. The 
JTN accessions and check variety were grouped together 
in the PCA biblot. Four out of five wild accessions were 
also found to be distant from the rest of the accessions 
(Fig. 3b).

Fig. 2  Correlation matrix 
for agro-morphological and 
biochemical characters in 65 
Job’s tear germplasm. Colour 
bar indicates the association 
between two variables where 
red is for negative and green 
is for positive correlation 
(p = 0.05)
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Genetic Variation and Cluster Analysis

Sixty-two alleles were detected in 65 of Job’s tear acces-
sions using 16 SSR markers. DNA extracted from 65 Job’s 
tears genotypes were used for SSR analysis. Out of 62 
alleles, ten alleles were found rare (allele frequency < 5%) 
(Table 3). Two alleles were found unique to wild acces-
sions used in this study. The number of alleles ranged from 
2 (GBssrJT31 and GBssrJT32) to 5 (GBssrJT68, GBss-
rJT136, GBssrJT170, GBssrJT181, GBssrJT183, and 
GBssrJT198), with an average of 3.88 alleles per locus. 
The effective number of alleles detected varied from 1.17 
(GBssrJT32) to 4.23 (GBssrJT198). The polymorphism 
information content (PIC) value was 0.132 (GBssrJT32) 
to 0.745 (GBssrJT170). The mean of an effective number 
of alleles was 2.71, with a standard deviation of 1.0. Shan-
non’s Information Index (Lewontin 1972) was the highest 
(1.52) for GBssrJT198, indicating that this primer was 
most informative and valuable for analyzing Job’s tears 
landraces. The 62 SSR amplification products obtained 
from 27 loci were analyzed for the extent of polymorphism 
and expected heterozygosity (Levene 1949) within Job’s 
tears accessions. The expected heterozygosity ranged from 
0.14 to 0.77, with a mean value of 0.58 (Table 3). The 
proportion of polymorphic loci varied from 100% in cul-
tivars and 68.75% in wild accessions. The low proportion 

of polymorphic loci in wild accessions may be due to the 
smaller number (5) of wild accessions used in this study.

The SSR data was used to calculate the pairwise Nei 
et al. (1983) genetic distance between the accessions. The 
pairwise Nei et al. (1983) genetic distance ranged from 0 
(IC89394 and IC89385) to 9.4 (JTN7 and IC521339). The 
average Nei et al. (1983) genetic distance among all pairs of 
comparisons was 0.57. Accordingly, in the neighbour-join-
ing dendrogram based on Nei et al. (1983) genetic distance, 
five major clusters were identified (Fig. 4).

Majority of accessions (44) were grouped in cluster III 
that composed of accessions collected from different parts of 
Mizoram, Meghalaya, and Arunachal Pradesh. Cluster I con-
sist of only one accession (JTN9), and II had two accessions, 
JTN7 and JTN8. Clusters IV and V comprised seven and 
eleven accessions, mainly from Nagaland state. The cluster-
ing pattern in the present study implies that the genetic dif-
ferences observed were not influenced by their geographical 
location, and accessions collected from the same region can 
vary due to genetic differences in these accessions.

The two-way mantel test was carried out to compare the 
distance matrix obtained from the quantitative traits and 
SSR marker. A moderate matrix correlation value (0.61) was 
shown. The Mantel test showed that morphological markers 
and molecular markers were moderately correlated.

Table 2  Eigen value, variance 
percentage, and morphological 
traits that contributed to first 
five principal components (PC)

Components PC1 PC2 PC3 PC4 PC5

Plant height (cm) 0.219  − 0.323 0.200 0.157 0.021
Panicle length (cm) 0.045 0.407  − 0.243 0.080  − 0.001
Number of tillers/plants 0.170 0.262 0.243  − 0.373 0.179
Number of nodes/tillers 0.330 0.024 0.042 0.167  − 0.064
Average internode length/tiller  − 0.246 0.095  − 0.261 0.124  − 0.119
Number of brace roots/tiller 0.186 0.295 0.177 0.333 0.170
Girth of tiller (cm) 0.351 0.044  − 0.107 0.169 0.271
Number of leaves/tillers 0.362 0.060 0.058 0.033  − 0.073
Leaf length (cm) 0.366  − 0.134  − 0.071 0.040  − 0.047
Leaf breadth (cm) 0.256  − 0.210  − 0.209 0.215  − 0.143
Leaf area index  − 0.075  − 0.154  − 0.294 0.250 0.569
SPAD  − 0.260 0.296  − 0.066 0.086  − 0.198
Spikelet/tiller  − 0.020 0.250  − 0.294 0.469  − 0.101
Spike/spikelet 0.202 0.052  − 0.165  − 0.004  − 0.524
100 seed wt. (g) 0.221 0.244  − 0.047  − 0.143  − 0.231
Phenol content (mg GAE/g sample)  − 0.126 0.120 0.457 0.219  − 0.147
Flavonoid content (mg QE/g sample)  − 0.178 0.189 0.352 0.365 0.077
Antioxidant content (mg AAE/100 g sample)  − 0.013  − 0.265 0.339 0.311  − 0.209
Grain yield 0.228 0.376 0.149  − 0.102 0.216
Eigenvalue 5.620 3.133 2.097 1.819 1.094
Variance percent 29.577 16.489 11.038 9.576 5.758
Cumulative variance percentage 29.577 46.067 57.105 66.681 72.439
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The genotypic data analysis using STRU CTU RE v.2.3.4 
software revealed the maximal ΔK at K = 3, indicating that 
at least three distinct groups are present in the present Coix 
collection (Fig. 5). In the bar-plot with one bar for each 
accession, we have indicated the subpopulations 1, 2, and 
3 with red, green, and blue colours, respectively. The sub-
population-wise distribution of germplasm accessions was 
as follows: subpopulation-I = 31, subpopulation-II = 17, and 
subpopulation-III = 17. The number of admixtures were two. 
The remaining accessions in the collections were pure.

Biochemical Analysis

The phenol content varied from 5.55 to 10.18 mg/g in the 
Job’s tears extract (Table 1). The highest phenolic content 
was found in the aqueous extract (10.18 mg GAE/g) of the 
IC416868 genotype. Total flavonoid content varied from 
4.6 to 23.56 mg Quercetin/g in the extracts (Table 1). The 

highest flavonoid content was found in the aqueous extract 
(23.6 mg/g) of the IC521341 genotype. Total antioxidant 
capacity varied from 19.95 to 71.9 mg AAE/g in the extracts 
(Table 1). The highest antioxidant capacity was found in 
the aqueous extract (72 mg/g) of the JTN3 genotype from 
Nagaland.

Discussion

Assessment of genetic diversity is essential for properly 
characterizing the genotypes for their sustainable use in 
plant breeding to enhance crop productivity with desirable 
traits. Incorporating the combined use of morphological and 
molecular markers has helped in the evaluation of genetic 
diversity present in many crop species. Hence, the current 
study analyzed the diversity in 65 Job’s tears germplasm and 
exhibited high variability for growth and yield-related traits. 

Fig. 3  a Screeplot representing prinicpal components (F1 to F18) 
contributing to phenotypic variation. b Distribution of 65 Job's tears 
accessions across two major principal components F1 (x-axis) and F2 

(y-axis). Purple dots indicate cultivated accessions; blue and black 
dots indicate wild accession and indigenous collection, respectively
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Significant variations in various agro-morphological traits 
were observed among 39 genotypes collected from Mizoram 
(Soni et al. 2023). A similar study by Shen et al. (2019) 
reported that 94 Job’s tears were accessions collected from 
different geographical areas of China using 12 morphologi-
cal traits. The study suggested that characters with a positive 
association with grain yield per plant also contribute directly 
to grain yield, and the selection of genotypes could be reli-
ably based on these characters. Arya et al. (2023) further 
supported this finding and observed a positive correlation 
between grain yield and 100 seed weight in 34 Job’s tears 
accessions.

Grain yield has a complex quantitative character that is 
highly influenced by environmental fluctuations. Therefore, 
before embarking on grain yield improvement, it is necessary 
to understand the relationships between grain yield and other 
metric traits of the crop (Eleweanya et al. 2005). Further, the 
compartmentalization of correlation coefficients into direct 
and indirect effects discerned the true nature of the associa-
tion between the observed characters. Tiller per plant exhib-
ited maximum direct effect followed by the number of brace 
root/tiller, the girth of the tiller, chlorophyll content, and 
100 seed weight. In Job’s tears germplasm collected from 
China, Yao et al. (2013) found that yield was determined 
by 1000 grain weight, grain number, and effective panicles. 
Earlier studies reported the positive direct effect of tillers per 
plant and the negative direct effect of plant height in cereals 
(Efisue et al. 2014; Laxuman et al. 2011). Amini et al. (2013) 

Table 3  Summary statistics of 
genetic variation for all 16 SSR 
loci and annealing temperature

na* observed number of alleles, ne* effective number of alleles, I* Shannon’s information index, Exp. 
Hom* expected homozygosity*, Exp. Het* expected heterozygosity* computed using Levene (1949) and 
Nei’s** (1973), PIC polymorphism information content, MAF major allele frequency

Locus na* ne* I* T (°C) Exp. Hom* Exp. Het* Nei** PIC MAF

GBssrJT25 4 1.92 0.91 59 0.52 0.48 0.48 0.4414 0.6953
GBssrJT31 2 1.36 0.43 59 0.73 0.27 0.26 0.2289 0.8438
GBssrJT32 2 1.17 0.27 59 0.86 0.14 0.14 0.1319 0.9231
GBssrJT41 4 2.66 1.06 52 0.37 0.63 0.62 0.5514 0.4846
GBssrJT68 5 2.29 1.02 53 0.43 0.57 0.56 0.4977 0.5846
GBssrJT130 3 2.04 0.79 57 0.49 0.51 0.51 0.4073 0.5846
GBssrJT136 5 4.04 1.5 57 0.24 0.76 0.75 0.7089 0.3790
GBssrJT149 4 2.77 1.15 58 0.36 0.64 0.64 0.5786 0.5000
GBssrJT161 3 2.91 1.08 58 0.34 0.66 0.66 0.5824 0.4154
GBssrJT164 3 1.94 0.79 59 0.51 0.49 0.48 0.4039 0.6508
GBssrJT170 5 4.15 1.48 60 0.21 0.71 0.73 0.7455 0.2769
GBssrJT174 4 2.21 0.93 59 0.45 0.55 0.55 0.4668 0.5769
GBssrJT181 5 3.19 1.3 57 0.31 0.69 0.69 0.6299 0.4000
GBssrJT183 5 3.62 1.42 57 0.27 0.73 0.72 0.6792 0.4000
GBssrJT185 3 2.84 1.07 59 0.35 0.65 0.65 0.5751 0.4444
GBssrJT198 5 4.23 1.52 61 0.23 0.77 0.76 0.7250 0.3077
Mean 3.88 2.71 1.05 - 0.42 0.58 0.58 0.5221 0.5292
St. Dev 1.18 1 0.37 - 0.18 0.18 0.18

Fig. 4  Neighbour-joining dendrogram showing the relationship 
among Job’s tears accessions based on 16 polymorphic SSR markers. 
Purple and blue dots indicate cultivated and wild accessions, respec-
tively
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also stressed the significant positive association and high 
direct positive effect of 100 seed weight with grain yield per 
plant in maize crops. Traits exhibited a positive direct effect 
on grain yield. The correlation and path analysis results sug-
gest that all the characters having a positive association with 
grain yield/plant are also directly contributing to grain yield, 
and the selection of genotypes may reliably be made based 
on these characters. They may also be used to develop a 
selection index to help select desirable parents and segre-
gate them in a breeding program. The maximum response 
to index selection will be achieved if the correlation between 
genetic worth and the index is maximized (Baker 1986). 
Plant breeders have had more success using index selection 
to increase expected responses than by using direct selection 
of different traits in different plants (Gravois and McNew 
1993; Jannink et al. 2000). Moreover, index selection has 
been used for increasing expected genetic advance in recur-
rent selection programs. The results of the D2 analysis could 
be utilized to identify the best parental combination for gen-
erating variability with respect to various traits under study. 
The identified accessions from diverse clusters should be 
subjected to population improvement methods to derive 
superior inbred lines.

The accessions were grouped into five clusters, and 
the existence of genetic diversity among the accessions 
was shown using the SSR markers. Assessment of genetic 
diversity using 17 microsatellite markers was conducted in 
79 Job’s tears accessions collected from China and Korea 
(Ma et al. 2010). Genetic diversity and population structure 
were analyzed using AFLP markers in 139 Coix lacryma-
jobi L. genotypes from four geographical regions in South-
west China (Fu et al. 2019). Xi et al. (2016) assessed the 
genetic diversity of 11 Job’s tears accessions collected from 
different regions of China based on morphological charac-
teristics and ISSR markers. They studied the relationship 
of the accessions with their chemical composition and the 

anti-proliferative effects of the seed oil. The clustering pat-
tern based on SSR markers did not show any relationship 
between geographical distribution and genotypic diver-
sity, as the genotypes of different geographic origins were 
grouped in one cluster. A similar result was reported by Ma 
et al. (2010) and Cong et al. (2023) in Job’s tears. Li et al. 
(2019), Fu et al. (2019), and Shen et al. (2019) reported 
no geographical affinity among genotypes within the same 
group when AFLP and ISSR markers were used for a diver-
sity study of the Job’s tears germplasm collected from dif-
ferent regions of China. However, the classification of Coix 
collected from China, Brazil, and Japan based on RAPD data 
reflected differences in geographic origin (Li et al. 2001). 
The accessions from Nagaland (JTN) were distant from 
other accessions in PCA based on the morphological and 
neighbour-joining dendrogram. Further, they have primar-
ily white colour seeds and soft pericarp. All these suggested 
local adaptation in these accessions and the area may be 
further explored during germplasm exploration.

The concept of antioxidant activities, which describes the 
ability of different food antioxidants to scavenge preformed 
free radicals, has been suggested as a tool for investigating the 
health effects of antioxidant-rich foods (Abubakar and Giaze 
2016). The present study’s total phenol content varied from 
5.55 to 10.18 mg/g in the Job’s tears extract. In a previous study 
conducted by Laxmisha et al. (2022), nutritional profiling of 32 
Coix germplasm demonstrated different ranges of total phenol 
content (0.106 to 1.55%) and antioxidant capacity (0.380 to 
0.580%). Chaisiricharoenkul et al. (2011) determined total phe-
nol content of Job’s tears (7.0–8.0 mg GAE/g) to be higher than 
those of black rice (3.13 mg/g), brown rice (0.54 mg/g), barley 
(0.50 mg/g), mungbean (0.45 mg/g), foxtail millet (0.47 mg/g), 
and prosomillet (0.29 mg/g). The seed’s total phenol content 
and antioxidant capacity were reported to be 20.5 mg GAE/g 
sample (Chabbra and Gupta 2015). However, in our study, the 
maximum phenol content was 10.18 mg GAE/g (IC417053), 

Fig. 5  Population genetic structure based on 16 polymorphic SSR 
markers in 65 Job’s tear accessions. The numbers of x-axis indicate 
genotypes (Supplementary Table S1) while the y-axis indicates per-

centage ancestry (0–100) when the number of populations (K) is 
taken as 3. Genotypes with two or more colours indicate admixture
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and the antioxidant capacity was 72 mg AAE/100 g in the sam-
ple (JTN3). The phenol and flavonoid content was found to be 
very low in JTN3. This may be due to its high anthocyanin 
content (purple stem) and/or other factors which should be 
explored in future studies. A considerable range of variation 
was observed for all the biochemical traits under study, indicat-
ing enough scope to improve the desired direction.

Conclusions

The genetic diversity of 65 Job’s tear germplasm was ana-
lyzed from the northeastern hill region of India at both mor-
phological, biochemical, and molecular levels. Traits such 
as phenol content, SPAD, 100-seed weight, and number of 
tillers per plant were found to have contributed the most to 
the diversity. The study identified better-performing geno-
types for yield (JTN11, IC89392) and yield-attributing traits 
to develop selection indices for future breeding programs. 
Based on SSR genetic diversity and clustering patterns, nine 
accessions (IC604098, IC416829, IC417053, IC521341, 
IC334314, JTN7, JTN8, JTN 9, and JTN15) were identi-
fied as diverse accessions and suitable as parents for future 
hybridization. Wild accessions from Meghalaya may be 
used as ornaments due to the hard pericarp. This study’s 
results provide valuable information for properly utilizing 
germplasm and its incorporation into future breeding pro-
grams, which is essential given the limited efforts in the crop 
improvement program for Job’s tears.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11105- 024- 01506-w.
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