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Abstract
Food security and nutrition concerns are putting an ancient, climate-smart grain back on our plates; Farm
to fork, there has been a revival of interest in millet. Foxtail millet, as a multi-purpose product, has
nutritious and medicinal potentials. This research is aimed at identifying combined markers as well as
stable associations between such markers and the investigated agronomic traits in a wide range of
foxtail millet germplasms under normal and salinity-stress conditions. In this context, association
analysis has been conducted among 14 agronomic traits and 331 polymorphic AFLP markers generated
by 12 primer combinations in 134 foxtail millet genotypes. Based on the analysis of population structure,
the foxtail millet genotypes were divided into six subpopulations. The results showed that a number of
markers had stable and signi�cant associations under both normal and salinity-stress conditions with
agronomic traits. The primer combinations had high polymorphic percentage, diversity indices were
highly reliable and revealed signi�cant genetic variability among the genotypes. Their PIC, MI and
Shannon’s indices were also highly reliable and revealed signi�cant genetic variability among the
genotypes. Since the markers introduced in this research have stable and strong associations with the
investigated traits under normal and salinity stress conditions, they can be suitable candidates’ in future
marker-assisted breeding to improve salinity- resistance genotypes of foxtail millet in arid and semiarid
areas.

Introduction
Environmentally induced stresses are considered in�uential parameters on the growth rate and
productivity of plants. Climate change effects such as water scarcity, increasing salinity of agricultural
lands, heightened intensity and duration of drought periods as well as the rising need to herbal products
lead to soil desalination, alkalization and salinity of agricultural lands. This increasing salinity of
agricultural lands would have devastating global effects. It is expected that 30 % of such lands would
become uncultivable in the next twenty-�ve years. (Kapoor et al., 2013) Furthermore, by the middle of 21st
century, more than 50 % of arable lands would no longer be cultivable. Therefore, increasing attention has
been paid to the saline agriculture (Kapoor et al., 2013; Ahmed et al., 2016). Environmental stresses
contribute to a wide range of reactions in plants such as variation in change genes expression, cell
metabolism, plant growth and yield (Reddy et al., 2004).

Population growth and the decreasing quality of agricultural lands caused by salinity have prompted
researchers to develop salinity-resistance plants via genetic improvement (Munns et al., 2006). This is
while little investigation has been carried out on the millet as one those plants compatible with such
conditions. This species belongs to the Paniceae family in the Panicoideae subfamily. As an advantage,
it can be cultivated once it is too late for other plants to be farmed (Baker, 2003). Containing of small
genome (~ 515Mb; 2n = 2x = 18) makes foxtail millet as a model in monocot plant. Its physiological
properties make it appropriate for hot climates; therefore, it requires treatment in hot weather. As an
ancient grain crop, its historical reports date back to 7400 and even 7935 years ago (Li and Wu, 1996;
Doust et al., 2009).Loading [MathJax]/jax/output/CommonHTML/jax.js
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Foxtail millet has a short growth period (60–90 days) and is considered suitable for harsh environmental
conditions such as hot climate, uncultivable lands and water scarcity. Moreover, it has acceptable yield
despite unsuitable conditions (Zhang et al., 2007). Foxtail millet, as a multi-purpose crop, enjoys
nutritious and remedial properties and has higher nutrients compared to the ordinary grains (Saha et al.,
2016). It also contains the highest level of protein (305.8 mg/g) compared to other crops such as wheat,
rice and barely. Moreover, it has high �ber content (as β-glucans, 42.6 %) as well as precursors including
minerals (3.3 mg/g), iron (0.3 mg/g) and calcium (0.3 mg/g) (Rao et al., 2011; Amadouv et al., 2011;
Saha et al., 2016). Foxtail millet is used as grain and forage in poultry farming and livestock industries.
Foxtail millet has considerable protein content (12.30 gr) compared to sorghum (9.97gr), barely (10.72
gr), rice (8.33 gr) and corn (8.80 gr). Moreover, foxtail millet has higher vitamins than ordinary cereals. For
example, it has higher amounts of B1 (0.59 mg), B2 (0.11 mg), B3 (3.20 mg) and B5 (0.82 mg) vitamins
than major cereals such as barely with respective values of 0.33, 0.10, 1.73 and 0.80 mg. The B1, B2, B3
and B5 vitamins found in rice are 0.16, 0.05, 2.53 and 0.42 mg, respectively. Besides, the corresponding
values of vitamins B1, B2, B3 and B5 found in corn are 0.33, 0.09, 2.69, 0.34 mg. Therefore, foxtail millet
has superiority over such major cereals (Dayakar et al., 2017). Foxtail millet is considered a source of
energy for pregnant women, nurses, kids and diabetic patients (Arora and Wu, 2002; Dwivedi et al., 2012).
The germinated seeds of foxtail millet cultivars, the yellow seeds in particular, have high medical
properties which are used to treat diseases such as dyspepsia, celiac, poor digestion, etc (Singh et al.,
2016). In China, Japan, Korea and East Asia, it is utilized in confectionary industry to produce edible
dishes as well as baking cakes and cookies and making purees. Moreover, it is used in alcohol and
fermentation industries to produce malt and fermented beverages (Ang et al., 1999). Compared to major
cereal crops like rice and wheat, the biological value of digestible protein found in foxtail millet is high as
it contains seven out of the eight essential amino acids (Zhang et al., 2007). They also contain 2.5 times
more edible �bers than rice. Moreover, their bran contains 9.4% crude oil enriched with linoleic (66.5%)
and oleic (13.0%) acids (Liang et al 2010; Dwivedi et al., 2012), along with a considerable amount of
�bers (42.56%) (Rao et al., 2011). Besides, the huge contribution of these grains to the Chinese prehistoric
civilization rendered them a special status among the “Five Grains” comprised of foxtail millet, proso
millet, rice, soybean and wheat (Austin, 2006).

Improving salinity-resistance genotypes with the purpose of increasing crops yield in normal and low-
yield soils, such as saline and alkaline ones, is among the major objectives of breeding programs (Munns
and Tester, 2008). To this end, understanding the genetic complexity of salt endurance in crop plants is
necessary to develop improved genotypes through conventional breeding methods. Practical statistics is
considered as an approach to determine the associations among genetic markers and phenotypic data
via Genome-wide association study (GWAS) technique. Therefore, such approaches will further facilitate
the use of genetic resources to improve crops (Morton et al., 2019). Since phenotype is in�uenced by the
environment, DNA-based methods such as DNA marker- assisted techniques have opened a new outlook
to the molecular description of complex traits. Molecular marker is a certain DNA sequence which can
easily be detected and its heredity is simply visible. These markers are used based on the natural DNA
polymorphism. SSR, RAPD AFLP and RFLP are among such markers. The AFLP marker has high
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reproducibility and sensitivity for �nding polymorphism at various levels of the DNA sequence. Moreover,
it does not need background knowledge on the initial sequence to design markers. Therefore, analysis of
Ampli�ed fragment length polymorphism (AFLP) is a strong and reliable technique compared to other
DNA marker-assisted methods (Kumar et al., 2011).

The evaluation of association between polymorphism at DNA level and diverse phenotypic traits is
considered an important tool in breeding programs (Sakiroglu et al., 2012). Studying the associations
among molecular markers and agronomic traits has various applications such as (i) evaluation of
polymorphism to detect informative markers for further breeding studies (ii) identi�cation of favorable
alleles in a germplasm set (iii) facilitating the determination of QTLs and (iv) endorsing the possible
genes responsible for quantitative traits (Gebhardt et al., 2004).

The genomic loci affecting the quantitative traits are identi�ed based on the linkage disequilibrium. This
process is conducted using linkage and association analyses. The association analysis, extensively used
to discover and identify the relationships between molecular markers and agronomic traits, is based on
the linkage disequilibrium (LD) (Munns and Tester, 2008; Roy et al., 2011). The reliability of linkage
analysis is in�uenced by factors such as the magnitude of polymorphism between two parents, the
population size, the distribution of chiasma in a genome and the time needed to produce arti�cial
populations. Nonetheless, association analysis does not require pure populations. Moreover, natural
populations are used to �nd associations between markers and traits in this method. Since a
recombination of these populations is created, the associations among the markers and the traits would
be accurate and reliable (Parisseaux et al., 2004; Zhu et al., 2008). The population structure, effective on
the level of LD, leads to a positive error, in other words, there might be no associations between the traits
and markers but a fake one is created due to the structure of the population. Therefore, in order to avoid
such fake a�rmative associations among the markers and traits, the population structure of the
germplasm must be explained before any association analyses. Software, called STRUCTURE, is used to
determine and divide the population structure. This software, with high computational power, divides
members into subpopulations. Then, it determines the membership probability of each individual. By
correct assignment of these individuals to the subpopulations, association analysis will be conducted
using an appropriate model (Aranzana et al., 2005).

Association analysis is performed using both general linear model (GLM) and mixed linear model (MLM)
(Yu et al., 2006). In the GLM model, the subpopulations-related matrix (Q), the phenotypic and genotypic
matrices are used. Moreover, the Q matrix (structure matrix) is used as a covariance variable. This is while
the kinship matrix (K) is used along with membership matrix as well as the phenotypic and genotypic
matrices in the MLM model (Pritchard et al., 2000; Yu et al., 2006; Kumar et al., 2015). In researches
conducted on the genetic diversity of foxtail millet, those models developed based on the population
structure and kinship relationship matrices could exhibit the real marker-trait relationships better than
other ones, therefore, the fake a�rmative associations decreased, signi�cantly (Yu et al., 2006).
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Association analysis has successfully been employed to evaluate the relationships among molecular
markers and agronomic traits in a wide range of crops. It has also used been to identify the genomic loci
related to various traits (Berger et al., 2013). Gupta, S. et al (2014) studied the genetic diversity using 50
SSR markers, according to their investigation, 4 primers were associated with 184 foxtail genotypes via
multiple factors.

In another investigation, 184 foxtail species were evaluated using SSR markers. The results indicated that
8 markers were placed on different chromosomes and had signi�cant associations with 9 agronomic
traits (Kumari et al., 2013). In a research conducted with the purpose of identifying genomic loci
associated with the agronomic traits of pearl millet using SSR markers, it was found that plant height
was associated with the LG7, LG4 and LG6 linkage groups. Moreover, the LG6 and LG7 alleles were
associated with forage and seed yields, respectively. In another study, a number of QTLs including
tillerring, plant height and panicle length were identi�ed in agronomic traits of foxtail millet (Doust et al.,
2004; Mauro-Herrera et al., 2013). Yazdizadeh et al (2020) used AFLP marker to perform association
analysis on agronomic traits of 143 millet (Panicum miliaceum L.) cultivars. In this investigation, GLM
and MLM models led to the identi�cation of 866total band and 514 pollymorphic band with 11
combination markers associated with agronomic traits. Mehrabi et al (2020) used SNP marker to perform
association analysis on agronomic traits of 112 durum wheat. In this investigation denti�cation A total of
581 signi�cant marker-trait associations were identi�ed in all of the 14 chromosomes.

According to the literature, little investigation has been carried out on the association analysis of Setaria
Italica ecotypes using a large number of markers under normal and salinity- stress conditions. Moreover,
the AFLP markers and association analysis have a signi�cant status in crops breeding programs.
Therefore, this study has been conducted to identify the AFLP markers associated with important
agronomic traits in a wide range of Iranian foxtail millet germplasms under both normal and salinity-
stress conditions. The targets of the present study are: (i) investigating the genetic diversity among
genotypes based on evaluating those important traits proposed in previous researches under normal and
salinity- stress conditions; (ii) evaluation of population genetic structures to detect essential marker-trait
associations of the genotypes; (iii) the effectiveness of AFLP in recognizing the loci marker association
with signi�cant agronomic traits of Iranian species subjected to normal and salinity-stress conditions,
separately; and (iv) determining the stability of respective loci markers with the desired agronomic traits
corresponding to both conditions.

Materials And Methods
Plant materials

A total of 134 seeds of foxtail millet genotypes corresponding to a wide range of foxtail millet
germplasms were procured by Iranian center of excellence for drought and salinity tolerant crops in
Research and Technology Institute of Plant Production (RTIPP) belonged to Shahid Bahonar University of
Kerman-Iran (Supplementary Table 1). The research was conducted in two locations at RTIPP (Shahid-
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Bahonar University of Kerman and Ekhtiyarabad �elds). The experimental design was performed in a
randomized complete block design with 3 replications under two conditions (normal and salinity) over a
two year- long period (2017–2018).

Test Location

The �elds of kerman used for the experiments are located at longitude 56˚54΄ E and latitude 30˚20΄ N.
They are situated at 1755 meters above the sea level. Also the �eld of Ekhtiyarabad used for the
experiments are located at longitude 56˚48΄ E and latitude 30˚36΄ N. They are situated at 1705 meters
above the sea level. The soil has clayey loam tissue.

The �eld preparation operations such as plowing, weeding, fragmentation, fertilization and irrigation were
regularly conducted at appropriate time intervals over the whole period of experiment. The soil pH was
determined 7.41 and 8.2 in Kerman and Ekhtiyarabad �elds, respectively. Moreover, the electrical
conductivity of waters used in Kerman and Ekhtiyarabad �elds was measured 2.5 and 8.7 dS m− 1,
respectively. The salt stress treatment began following irrigation with salty water in the germination stage
and continued up to the end of harvesting process.

Due to the importance of seed germination under salinity, a separate experiment is done at Laboratory.
Two separate tests were conducted under normal and salinity- stress conditions. Since the salinity of
water used for irrigation purposes was evaluated 8.7, the seed germination percentage corresponding to
salinity- stress conditions was determined in petri dish at an electrical conductivity of 8.7 while the seed
germination percentage corresponding to normal conditions was determined in petri dish at an electrical
conductivity of 2.5.

Phenotypic evaluation

The traits evaluated in this investigation included seed germination (%), plant height (cm), the number of
leaves per plant, �ag leaf length (cm), �ag leaf width (cm), the number of tillers, panicle length (cm), main
panicle seed weight (g m2-1), the number of plants on the line, 1000-seed weight, harvest index, forage
yield (t ha-1), biological yield (t ha-1) and seed yield (t ha-1). The last three traits including forage yield,
biological yield and seed yield were initially measured based on (g m2-1)and then converted to ton per
hectare (t ha-1).

The analysis of variance (ANOVA) was conducted based on randomized complete block design (RCDB).
The data were standardized for each trait and ANOVA was performed using SAS software ver 9.1 (SAS
Institute 2004). The general heritability of the basic agronomic traits, under normal and salinity- stress
conditions, was evaluated based on the Nyquist and Baker (1991) method:

H2 = σ2
g/(σ2

g + σ2
ge /e + σ2

ϵ/re)

1
Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 7/24

Where σ2
ge ,σ2

g and σ2
ϵ are the genetic, genetic ×  environment interaction and environment

variances, respectively. Moreover, e and r indicate the number of environments and replications for each
environment, respectively.

Molecular evaluation

In order to analyze molecular data, 20 AFLP primer combination markers were used. Then, 12
combinations with the highest polymorphic percentage were detected and evaluated (Table 1).

Table 1
Primer combinations used in the analysis of ampli�ed fragment length polymorphism (AFLP)

of foxtail millet.
Code of primer combination Code Sequence for MseI Code Sequence for EcoRI

M14/E11 Code Sequence for MseI EcoRI Selective primer + AGC

M59/E36 MseI Selective Primer + CTG EcoRI Selective primer + AGC

M4/E10 MseI Selective Primer + CTA EcoRI Selective primer + AGC

M3/E11 MseI Selective Primer + CTT EcoRI Selective primer + AGC

M4/E11 MseI Selective Primer + CAA EcoRI Selective primer + AGC

M59/E11 MseI Selective Primer + CTT EcoRI Selective primer + AGC

M59/E10 MseI Selective Primer + CTA EcoRI Selective primer + AGC

M4/E36 MseI Selective Primer + CTA EcoRI Selective primer + AGC

M3/E36 MseI Selective Primer + CTT EcoRI Selective primer + AGC

M14/E10 MseI Selective Primer + CAA EcoRI Selective primer + AGC

M14/E36 MseI Selective Primer + CTT EcoRI Selective primer + AGC

M3/E10 MseI Selective Primer + CTT EcoRI Selective primer + AGC

To extract DNA, samples were taken from the pristine leaves of �ve plants for each genotype. Having
recorded the name as well as date of sampling on the packages containing those samples, they were put
in liquid nitrogen and kept at − 80℃ temperature. The DNAs were extracted from these leaves based on
the Doyle and Doyle (1991) method. To evaluate the extracted DNAs, both quantitatively and qualitatively,
1% agarose gel and a spectrophotometer were used. The corresponding AFLP tests were conducted
according to the Vos et al. (1995) protocol. To this end, two types of restriction enzymes, namely MseI
and EcoRI, were used. In the selective reproduction stage, 20 AFLP primer combinations markers were
applied. Then, 12 combinations with the highest polymorphic percentage were selected for genotyping. In
order to distinguish as well as high- precision observation of the bands, the QIAXEL DNA machine was
used. This method is considered a replacement for the poly-acryl-amid gel technique.
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In this method, 15 µl of the PCR product is required. The QIAXEL machine can separate twelve DNA
specimens’ parts with high resolution in three minutes. Moreover, this process can be performed on 96
specimens, simultaneously. The electrophoresis of the specimens was conducted using kit's High
Resolution (QIAGEN, Hilden, Germany). Then, the bands were calculated using Biocalculator software. In
order to evaluate the population structure, the achieved matrix was evaluated using Structure software
v.2.3.4 for 10000 Bure-in and 100000 MCMC, both in admixture form. This process was performed for K 
= 2 to K = 10 (with 5 iterations for each K value). Using the optimum K determined based on the Evano et
al. (2005) method, the Q matrix was derived from the results of population structure obtained by Structure
software. To determine associations among the AFLP marker and morphologic traits, the Tassel software
v. 2.1 was used. The association analysis was conducted using both GLM and MLM models. In the MLM
model, the Q (population structure coe�cients) and K (kinship matrix) matrices were combined to have
more capability compared to linear modeling. It was found that this method is much better than the linear
modeling’s (GLM), commonly used in association analyses (Yu et al., 2006).

The optimum K was determined based on ΔK achieved by the following equation:

ΔK = m|L " (K)| /s[L(K)]

2
In the webpage of STRUCTURE HARVESTER processing, an optimum estimate of K is used to
demonstrate the highest value of ΔK.

To determine marker-based indices, GenAlXe V6/5 programs were employed. Marker index (MI),
Shannon’s index (H) and polymorphic information content (PIC) were among indices determined based
on the following equations:

PIC = 1 − p2 − q2

3

MI = PIC × EquationNumberofpolymorphicloci

4

H = − 1 × (p × ln(p) + q × ln(q))

5
The symbols p and q denote prevailing and unvalued alleles, respectively.

Analysis of molecular variance (AMOVA), as a method to determine F-statistics among and within
populations, was conducted using GenAlEx v6.5. The analogue stabilization index (PhiPT) statistics
(analogy of FST, �xation index) was employed to estimate the genetic difference among subpopulations:

PhiPT = AP⁄ (WP + AP) (6)
Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 9/24

The symbols AP and WP indicate the approximate differences among and within populations,
respectively.

Results
Phenotypic data analysis

Analysis of variance (ANOVA) was conducted using the PROC ANOVA procedure of SAS software v. 9.1.
The results indicated that all genotypes, in�uenced by the genotype×environment interaction, They had
signi�cant difference in terms of all agronomic traits except for �ag leaf length, �ag leaf width, the
number of tillers and panicle length under both normal and salinity-stress conditions. Moreover, all traits
except for the �ag leaf width were signi�cant in terms of genotypes (Supplementary Table 2). This
signi�cant genetic diversity among some of the investigated genotypes provides an opportunity for
selecting those morphologic traits leading to the increased e�ciency of breeding programs. Under normal
conditions, foxtail millet cultivars demonstrated a wide range of phenotypic variations for the
investigated traits. For example, the seed germination varied from 60 to 80 percent. The plant height also
ranged from 70 to 101 cm. The highest level of germination (80 %) corresponded to the G102 genotype
while the lowest value (60 %) was considered in G24 genotype. Moreover, the G24 and G102 genotypes
had the highest (101 cm) and lowest (70 cm) plant height, respectively (data not shown). Additional �le 2:
Table S2 shows the general heritability to evaluate the traits of foxtail millet genotypes. The highest
general heritability was observed for panicle length under normal (0.95) and salinity-stress conditions
(0.87). This is while the lowest general heritability corresponded to the number of plants on a line under
normal (0.19) and salinity-stress conditions (0.17) (Supplementary Table 2).

Allele diversity

Of the total 20 primer combinations used in this investigation, 12 primer combinations with the highest
polymorphic bands were selected. Since small alleles are usually used in LD assessment of pairs of loci
(Mohlke et al., 2001) those alleles with frequency of lower than 0.05 have been eliminated before any
analyses. The 12 AFLP primer combinations used for 134 foxtail millet genotypes led to the identi�cation
of 331 polymorphic bands, i.e., an average of 27.58 polymorphic bands for each combination. The
highest proportion of polymorphic bands to the total number of identi�ed ones corresponded to the
M59/E10 primer combination with 40 bands while the lowest one was observed in M3/E36 primer
combination with 17 bands.

The average polymorphic information content (PIC) was determined 0.41. Furthermore, the highest level
of PIC was related to M4/E10 with 0.68 and the lowest one corresponded to M59/E36 and M3/E36 primer
combinations with 0.14. The percentage range of polymorphism was between 41.46 (M3/E36 primer
combination) and 80 (M59/E10) with an average value of 52.96. Regarding the high polymorphic
percentage of M59/E10, M4/E10, M14/E11, M14/E10 and M4/E36 primer combinations, it is expected
that they play an effective role in identifying and distinguishing foxtail millet genotypes.
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The marker index (MI) determines the effectiveness and capability of a marker based on the number of
polymorphic genetic loci caused by that speci�c marker. The M4/E10 primer combination had the highest
level of MI (23.80) while the M59/E36 and M3/E36 had the lowest value (2.21). Moreover, the M4/E10
and M3/E36 had the highest (1.17) and lowest (0.28) Shannon’s index, respectively (Table 2).

 
Table 2

Statistical variance of 12 AFLP primer combinations for the 134 foxtail millets (Setaria
italica L.) genotypes.

Primer

combination

Total

Bands

Polymorphic

bands

Polymorphic

percentage

PIC Marker

Index

Shannon

index

M3/E10 50 26 52 0.35 9.10 0.66

M4/E10 50 35 70 0.68 23.80 1.17

M14/E10 50 32 64 0.61 19.52 1.04

M59/E10 50 40 80 0.59 23.60 1.10

M3/E11 50 24 48 0.35 8.40 0.65

M4/E11 50 27 54 0.36 9.72 0.68

M14/E11 50 35 70 0.47 16.45 0.86

M59/E11 50 26 52 0.49 12.74 0.85

M3/E36 41 17 41.46 0.13 2.21 0.28

M4/E36 50 31 62 0.4 12.40 0.75

M14/E36 50 21 42 0.39 8.19 0.69

M59/E36 32 17 53.13 0.13 2.21 0.29

Total 573 331 635.46 4.84 146.13 8.79

Mean 47.75 27.58 52.96 0.41 12.18 0.73

Population Structure

The population structure was determined based on the molecular markers using non-parametric method
introduced by Evano et al (2005). According to the results obtained by HARVESTER STRUCTURE, the
highest level of ΔK corresponded to K = 6. Figures 1–4 show the four stages used to determine the real
value of K.
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Table 3 demonstrate the results of analysis of molecular variance (AMOVA) corresponding to six
subpopulations derived from the population structure analysis. The results indicated that the variance
among and within subpopulations contributed 3% and 97% of the total variance. Moreover, all PhiPT
(analogue stabilization index) values were signi�cant (0.03) (Table 3). On the other hand, the PhiPT
values of each pair of sub-populations demonstrated signi�cant differences among all subpopulations.
Eventually, the required population structure (Q) used for association analysis was established.

  
Table 3

Molecular variance (AMOVA) of association analysis of AFLP
markers in six subpopulations derived from the 134 investigated

foxtail millet (setaria italica L.) accessions using the structure
software.

Source of variation Df MS Est. Var % PhiPT

Among populations 5 64.53 1.35 3% 0.03**

Within populations 128 40.61 40.61 97%  

Total 133 - - 100%  

**: Signi�cant at 0.01 levels.

Association analysis

In MLM method, the correlations among the markers and traits were evaluated using the data obtained by
subpopulations-based membership matrix (Q), phenotypic data as well as the markers-related data
derived from a multiple regression model. Moreover, the distribution of markers represented by
determination coe�cient (R2) was evaluated. According to the association analysis performed by the
MLM model, the number of markers showing the signi�cant relationship with the average of the
investigated traits was determined 93 and 99 under normal and salinity stress conditions, respectively.

The association analysis of average traits using the GLM model (P + Q matrices) indicated that 114 and
107 markers were signi�cant (P < 0.01) under normal and salinity-stress conditions, respectively (data not
shown). According to the GLM model, the determination coe�cient (R2) ranged from 9.05 to 28.23 %
under normal and 8.53 to 28.24 % under salinity-stress conditions. Furthermore, the R2 value of model
varied from 11.74 to 41.07 % under normal and 15.06 to 41.06 % under salinity-stress conditions.

According to the MLM model, the determination coe�cient (R2) ranged from 5.4 to 15.38 % under normal
and 5.4 to 15.54 % under salinity-stress conditions. Moreover, the R2 value of model varied from 40.12 to
62.89 % under normal and 40.63 to 63.17 % under salinity-stress conditions.

The results obtained by the MLM model indicated that the M4/E10-19, M14/E36-17, M14/E10-15,
M3/E10-38, M59/E10-17, M14/E11-14, M59/E11-3, M14/E36-27 and M59/E10-15 markers with theLoading [MathJax]/jax/output/CommonHTML/jax.js
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respective variations of 14.24%, 13.46%, 6.87%, 6.51%, 6.53%, 6.46%, 6.31%, 5.92% and 5.52 % had the
highest associations with seed germination under normal conditions. Moreover, the M4/E10-19,
M14/E36-17, M59/E10-17, M14/E10-15, M14/E11-14, M59/E10-15, M3/E10-38, M14/E36-27 and
M59/E36-4 markers with the corresponding variations of 13.04%, 12.47%, 7.30%, 6.82%, 6.35%, 6.21%,
5.92%, 5.68% and 5.41% had strong associations with the same trait under salinity-stress conditions
(Supplementary Table 3).

Based on the association analysis of foxtail millet, the M4/E10-9, M14/E36-14, M14/E11-14, M59/E10-
17, M59/36 − 4, M59/E10-15, M10/E14-15 and M3/E10-38 markers with a total variation of 66.63%
demonstrated a strong association with the plant height under normal conditions. Furthermore, the
M4/E10-19, M14/E36-17, M59/E10-17, M14/E11-14, M14/E10-15, M59/E36-4, M59/E10-15, M3/E10-38
and M14/E36-27 markers with the corresponding variations of 14.1%, 13.32%, 7.24%, 7.02%, 6.63%,
6.39%, 6.30%, 6.03% and 5.84% displayed strong associations with plant height under salinity-stress
conditions (Supplementary Table 3).

According to the MLM model, ten markers including M4/E10-19, M14/E36-17, M59/E10-17, M14/E11-14,
M59/E10-15, M3/E10-38, M59/E36-4, M14/E10-15, M14/E36-27 and M59/E11-3 with a total variation of
76.70% had strong associations with the number of leaves per plant under normal conditions. Moreover,
the M4/E10- 19, M14/E36-17, M59/E10-17, M14/E11-14, M59/E10-15, M3/E10-38, M59/E36-4, M14/E10-
15, M14/E36-27 and M59/E11- 3 markers with a total variation of 76.75% demonstrated meaningful
associations with the same trait under salinity-stress conditions (Supplementary Table 3).

The results also revealed that seven markers including M14/E36-17, M14/E10-19, M59/E10-17, M59/E36-
4, M14/E10-15, M14/E11-14 and M59/E10-10 with the corresponding variations of 13.71%, 11.83%,
7.91%, 7.91%, 6.51%, 6.41% and 5.64% had strong relationships (P < 0.004) with the �ag leaf length under
normal conditions. This is while the M14/E36-17, M4/E10-19, M59/E10-17, M59/E36-4, M14/E11-14,
M59/E10-10, M14/E36-27 and M14/E10-15 markers with the respective variations of 13.03%, 12.37%,
9.03%, 7.74%, 6.43%, 5.96%, 5.94% and 5.82% had such relationships with the �ag leaf length under
salinity-stress conditions (Supplementary Table 3).

According to the MLM model, the M3/E11-13 and M59/E36-3 markers with a total variation of 15.88%
demonstrated a strong association with the �ag leaf width under normal conditions, while the M3/E11-13
and M4/E10-5 markers with the respective variations of 10.57 and 6.43% had such relationships with the
�ag leaf width under salinity-stress conditions (Supplementary Table 3).

This model further showed that the M14/E36-9, M4/E36-23 and M14/E11-15 markers with a total
variation of 20.09 % had strong relationships with the number of tillers under normal conditions. Besides,
three markers including M14/E36-9, M4/E36-23 and M4/E10-23 with a total variation of 21.02% had
signi�cant associations (P < 0.006) with the number of tillers under salinity-stress conditions
(Supplementary Table 3).
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The results also indicated that the M4/E10-19, M14/E36-17, M14/E11-14, M3/E10-38, M59/E36-4,
M59/E10-15, M59/E10-17, M14/E10-44 markers with the respective variations of 15.38%, 13.93%, 7.94%,
7.52%, 7.14%, 6.80%, 6.71% and 5.76% had considerable relationships with the panicle length under
normal conditions. This is while the M4/E10-19, M14/E36-17, M59/E10-15, M59/E10-17, M59/E36-4,
M14/E11-14 and M14/E10-15 markers with the respective variations of 15.54%, 13.34%, 7.30%, 7.19%,
6.77%, 6.66%, and 5.84% had such relationships with the panicle length under salinity-stress conditions
(Supplementary Table 3).

The association analysis conducted on the foxtail millet genotypes using MLM model further showed
that the M14/E36-14, M4/E10-19, M59/E36-27 and M59/E36-4 markers with a total variation of 33.77%
variation had signi�cant associations with the seed yield under normal conditions. Moreover, M14/E36-
17, M4/E10-19, M59/E36-25, M59/E36-4, M59/E10-29 and M14/E11-25 markers with a total variation of
44.01% had considerable relationships with this particular trait under salinity-stress conditions
(Supplementary Table 3).

The results also demonstrated that the M4/E10-19, M14/E36-14, M14/E11-14, M59/E10-17, M14/E10-15,
M59/E10-15 and M59/E36-4 markers with an overall variation of 61.32% had considerable associations
(Pcript > ) with the number of plants on the line under normal conditions, while the M4/E10-19,
M14/E36-17, M14/E11-14, M59/E10-17, M14/E10-15, M59/E36-4 and M59/E10-15 markers with a total
variation of 61.49% had such relationships with this speci�c trait under salinity-stress conditions
(Supplementary Table 3).

This model also indicated that the M14/E36-17, M3/E10-38, M4/E10-19, M14/E11-14, M59/E10-10,
M59/E36-4, M59/E11-3 and M14/E36-27 markers with an overall variation of 76.91% had signi�cant
associations with the forage yield under normal conditions. Moreover, the M14/E36-17, M4/E10-19,
M14/E11-14, M3/E10-38, M59/E10-10, M3/E10-3 and M59/36 − 4 markers with a total variation of
62.07% had considerable relationships with the forage yield under salinity-stress conditions
(Supplementary Table 3).

According to the MLM model, three markers including M59/E10-3, M59/E36-25 and M4/E11-3 with the
corresponding values of 9.14%, 8.10% and 8.04% demonstrated signi�cant associations (P < 0.005) with
main panicle seed weight under normal conditions. This is while the M59/E10-3 and M59/E36-3 markers
with a total variation of 17.04% demonstrated such relationships with this particular trait under salinity-
stress conditions (Supplementary Table 3).

In this model, the M14/E36-17, M4/E10-19, M59/E10-17, M14/E10-15, M59/E36-4, M14/E11-14 and
M3/E10-38 markers with an overall variation of 53.45% displayed considerable associations with the
1000-seed weight under normal conditions. Moreover, the M14/E36-17, M4/E10-19, M3/E10-38,
M59/E10-17, M14/E11-14, M59/E10-10, M59/E36-4 and M59/E11-3 markers with a total variation of
61.02% showed signi�cant relationships (P < 0.0074) with this speci�c trait under salinity-stress
conditions (Supplementary Table 3).
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The MLM model also showed that the M4/E10-19, M14/E36-17, M14/E11-14, M59/E10-17, M14/E10-15,
M59/E10-15 and M59/E36-4 markers with the respective values of 13.95%, 12.92%, 7.64%, 7.49%, 6.98%,
6.12% and 5.92% had strong associations with the harvest index under normal conditions. Furthermore,
the M4/E10-19, M14/E36-17, M14/E11-14, M59/E10-17, M14/E10-15, M59/E36-4 and M59/E10-15
markers with a total variation of 61.19% had considerable relationships (P < 0.006) with this particular
trait under salinity-stress conditions (Supplementary Table 3).

This model also indicated that the M4/E10-19, M14/E36-17, M59/E10-17, M14/E11-14, M14/E10-15,
M59/E36-4 and M59/E10-15 markers with a total variation of 60.34% had considerable associations with
the biological yield under normal conditions. This is while the M4/E10-19, M14/E36-17, M59/E10-17,
M14/E11-14, M14/E10-15, M59/E36-4 and M59/E10-15 markers with a total variation of 60.57% showed
such associations with this speci�c trait under salinity-stress conditions (Supplementary Table 3).

To determine stable relationships, the association analysis of the foxtail millet genotypes using the MLM
model was conducted for each location, separately. The results indicated that the M4/E10-19and
M14/E36-17markers had signi�cant and stable associations with the seed germination under normal
conditions. Similar relationships were also observed between the M4/E10-9 marker and plant height, the
M4/E10-19 and M14/E36-17markers and the number of leaves as well as the M14/E36-9 marker and the
number of tillers under such conditions. Moreover, the M4/E10-19 and M14/E36-17 markers
demonstrated considerable and stable associations with the seed and forage yields, 1000-seed weight,
biological yield and harvest index under similar conditions. This is while the M4/E10-19 marker had
signi�cant and stable relationships with the seed germination percentage as well as the seed yield under
salinity-stress conditions. Similar associations were also observed between the M4/E10-19 and
M59/E10-9 markers and 1000-seed weight, the M59/E10-10 marker and forage yield, the M59/E10-9
marker and plant height as well as the M4/E10-19 marker and the number of leaves under similar
conditions. Therefore, a number of markers demonstrated stable and signi�cant associations with traits
under both normal and salinity-stress conditions.

According to the results, a number of the investigated traits had associations with several traits. The
highest level of associations was found in loci 17, 19 and 17 corresponding to the M14/E36, M4/E10 and
M59 / E10 markers. The Signi�cant common markers among a number of traits might be attributed to
the pleiotropic effects or bonds of genomic loci affecting them (Jun et al., 2008). These pleiotropic
effects have also been reported by other researchers (Zhang et al., 2015; Mwadzingeni et al., 2017).

In this research, the AFLP markers associated with important agronomic traits of foxtail millet were
identi�ed. These stable markers were determined from a total number of 134 foxtail millet genotypes
under both normal and salinity-stress conditions.

Discussion
The germplasm evaluation of a speci�c plant species using molecular markers is considered a valuable
tool to predict other genotypes of that germplasm and identify suitable genotypes even under laboratoryLoading [MathJax]/jax/output/CommonHTML/jax.js
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conditions. This is the �rst investigation on the application of association analysis to identify the
molecular markers associated with important agronomic traits of a wide range of Iranian foxtail millet
germplasm under normal and salinity-stress conditions.

Association analysis is a suitable technique to identify the genes’ loci caused by salinity-stress as well as
labeling different traits. It is also effective in marker-assisted methods used in foxtail millet under salinity-
stress conditions. Therefore, increasing knowledge in this �eld could be instrumental in protecting the
effective germplasm and choosing the best one for breeding programs and other genetic researches
(Mwadzingeni et al., 2017). Based on the analysis of phenotypic data, genotypes are signi�cantly
different in terms of the investigated traits. This difference indicates the presence of a considerable
diversity in germplasm which in turn can facilitate selecting salinity- resistance genotypes.

The phenotypic analysis further shows that many traits are signi�cantly in�uenced by the environment as
well as the genotypes ×environment interaction under both normal and salinity-stress conditions.
Therefore, investigating association analysis in different environments is highly signi�cant. Moreover, the
molecular analyses indicate high percentage of polymorphism, demonstrating the AFLP combinations
employed in this investigation might be a powerful tool to distinguish salinity- resistance foxtail millet
genotypes. These �ndings are in agreement with the results of other investigations conducted on foxtail
millet (d’Ennequin et al., 2000; Gupta et al., 2011; Mohammadi-Nejad et al., 2017; Yazdizadeh et al., 2020).

In this research, the M59/E10, M4/E10, M14/E11, M14/E10 and M4/E36 primer combination has the
highest polymorphic percentage as well as high PIC, MI and Shannon’s indices. Therefore, this marker is
considered as the most powerful combination to distinguish foxtail millet genotypes. Based on the
analysis of population structure, the genotypes have been divided into six subpopulations with different
genetic structures. The AMOVA results indicate that the genetic variance among subpopulations is very
signi�cant. These �ndings also demonstrated that the AFLP marker can be used to analyze populations
which are in agreement with the results of Kumar et al., (2015). According to their investigation, the AFLP
marker could be used as an index for genetic classi�cation, construction a linkage maps, mapping traits
and association study.

According to the association analyses under normal and salinity-stress conditions, the number of
signi�cant markers in the MLM has decreased compared to the GLM model. A combination of kinship
and population structure in the MLM model would be effective to reduce fake a�rmative associations,
demonstrating some alleles identi�ed by the GLM model could be attributed to the associations between
genotypes and traits. These results are in agreement with the �nding of Yu et al., (2006) and Dadras et al.,
(2014). Moreover, the determination coe�cient obtained by the MLM has shown considerable reduction
compared to the corresponding value in the GLM model. Therefore, using of AFLP markers along with
MLM model is considered as a suitable method for future studies. These results are also consistent with
the �ndings of Achleitner et al., (2008). They reported that combining Q and K in the MLM model could
reduce determination coe�cient and probably provide the best modi�cation in population structures.
Nonetheless, markers must be veri�ed by examining their effectiveness on de�nitive goal-oriented
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phenotypes among absolute populations with diverse genetic backgrounds (Collard et al., 2005). Those
markers, showing the highest effect on the traits, would be the best possible candidates for future
researches including the marker-assisted studies.

According to the association analysis using MLM model, the M4/E10-19 and M14/E36-17markers have
stable and signi�cant association with seed and forage yields, 1000-seed weight, biological yield and
harvest index under normal conditions. Similar relationship has also been found between the M4/E10-19
marker and seed yield under salinity-stress conditions. Furthermore, the M4/E10-19 and M59/E10-9
markers have shown stable and signi�cant association with the 1000-seed weight under similar
conditions. The M59/E10-9 marker has also demonstrated a stable and considerable relationship with
the seed and forage yields under salinity-stress conditions. Those cultivars with higher seed and forage
yields would be more suitable for breeding programs of foxtail millet. Therefore, if these loci demonstrate
to be effective on genetic control of such traits, they could be useful tools in molecular breeding
programs of foxtail millet under salinity stress conditions. In this context, Shi et al., (2009) proposed
using local QTLs to evaluate yield and similar traits. Thus, it is not surprising that yield is de�ned based
on cumulative effects of different traits.

Using MLM model, the M14/E36-17 and M4/E10-19 markers have demonstrated stable and signi�cant
associations with the seed, forage and biological yields under normal and salinity-stress conditions,
simultaneously. Most of the functional genes in a genome might have direct or indirect relationships with
the yield. Moreover, most of the reported QTLs and identi�ed effective genes attributed to the yield show
the pleiotropic effects with more than a single trait (Slafer et al., 2003).

In conclusion according to the association analysis of the phenotypic data, genotypes had signi�cant
differences in terms of the investigated traits. Moreover, most of the traits were in�uenced by the
environment and genotype×envirnment interaction under both normal and salinity-stress conditions.
These results indicated the presence of a wide range of diversity in the investigated germplasm of foxtail
millet which would facilitate the selection of salinity- resistance genotypes. Therefore, conducting
association analysis in different environments would be highly signi�cant. Based on the results obtained
via the association analysis of salinity-related traits of foxtail millet, most of the markers affecting the
traits under normal and salinity- stress conditions demonstrated acceptable levels of polymorphism and
diversity as the population structure and kinship analysis improved. Moreover, the primer combinations
used in this investigation had a high polymorphic percentage. Their PIC, MI and the Shannon’s indices
were also highly reliable. Therefore, the primer combinations employed in this investigation can be
considered a powerful tool to distinguish foxtail millet genotypes. The markers used in this investigation
had strong effects with highly signi�cant P-value. Therefore, the introduced markers which had
signi�cant associations with important agronomic traits could be suitable candidates for further study in
order to marker-assisted breeding to improve salinity-resistance genotypes of foxtail millet in arid and
semiarid areas.
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Figure 1

Biplot based on data obtained from 12 AFLP primer combinations using the structure software, red,
green, yellow, dark blue, light blue and violet colors indicate foxtail genotypes divided into six
subpopulations.

Figure 2

The results of Evanno's method to determine the K values, The yellow colored row represents K at
maximum values of ΔK.
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Figure 3

The graph (L(K), K) of Evanno's method to determine the K values.
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Figure 4

The graph (Delta K, K) of Evanno's method to determine the K values.
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