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Abstract. Genetic diversity was analysed based on 30 SSR primers in a set of thirteen cultivars of maize.
A total of 112 SSR markers were detected in these cultivars, which varied in terms of their maturity, grain
type, hybrid type and the presence or absence of the stay-green effect. The mean genetic similarity between
the cultivars amounted to 0.473, ranging from 0.174 to 0.727. The study showed high diversity in the stud-
ied maize cultivars. The UPGMA dendrogram and the PCA plot showed that all the cultivars are divided
into four clusters. Analysis of molecular variance indicated a significant genetic differentiation between
the inferred groups, accounting for min. 89.43% of the total molecular variance between cultivars within
the groups. Microsatellite data used in this study showed that genetic variability was found mainly within
the groups rather than among the groups identified by the analysed factors.

Key words: AMOVA, genetic similarity, maize (Zea mays L.), microsatellite markers, principal compo-
nent analysis

INTRODUCTION

Maize (Zea mays L.) is one of the worlds’ three staple cereals. Thanks to its considerable
adaptability it is grown in a greater range of environments than rice or wheat. Maize is a major
source of both food and animal, while it is also a valuable raw material for agri-food industries.
Moreover, it is an important model plant in research conducted on various biological phenom-
ena and processes such as e.g. hybrid vigor and genome evolution. The maize genome is highly
complex and in comparison to other crops and model plants it exhibits exceptional genetic
diversity [Fu and Dooner 2002]. While genetic similarity/diversity is a major factor in crop im-
provement work conducted on maize, modern breeding has drastically limited the variation of
important traits, particularly in common maize cultivars widely used in breeding programmes.
Investigations of genetic diversity in maize germplasm are based on its assessed usefulness for
breeding programmes. Molecular markers provide a promising tool for the evaluation of genetic
diversity in plant materials, since phenotype and physiological markers are not sufficiently ac-
curate and are frequently influenced by environmental conditions [Kozak et al. 2011].

Molecular techniques have been extensively applied as powerful tools to investigate germ-
plasm characteristics, to identify cultivars, as well as conduct phylogenetic studies and similar-
ity/diversity analyses in many crop plants. Thanks to their high polymorphism, random distribu-
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tion and co-dominant Mendelian inheritance microsatellite or simple sequence repeats (SSRs)
markers, constitute the most reliable marker system for QTL mapping, cultivar identification
and genetic diversity studies [Hokanson et al. 1998, Naghavi et al. 2012, Stepien et al. 2007].
Microsatellites are stretches of DNA comprising tandemly arranged units of 1-6 bp [Gupta et al.
1996], characterised by their co-dominant inheritance, wide genomic distribution, as well as hy-
pervariable and multiallelic nature [Parida et al. 2009, Powell et al. 1996]. The SSR markers are
typically markers of choice in diversity studies. Since they are PCR-based, SSRs are technically
simple to apply and are amenable to high throughput assays [Mansfield et al. 1994], while they
are easy to score and require small amounts of DNA for analysis [Somta et al. 2011]. In recent
years early generation selections between breeding populations have been routinely based on
the application of SSRs [Gupta and Varshney 2000]. Molecular markers are more powerful tools
in the detection of diversity, considerably exceeding traditional methods [Gupta and Varshney
2000]. DNA markers linked to agronomic traits, including SSRs, may increase the efficiency of
classical breeding, as they significantly reduce the number of the required backcross generations
and limit expensive, phenotypic selection as well as germplasm conservation. Another advan-
tage of DNA markers is also connected with the fact that they may be used efficiently, regardless
of the analysed plant developmental phase.

The aim of this study was to analyse molecular variance and genetic similarity between
thirteen maize cultivars differing in their maturity, grain type, hybrid type and the stay-green
effect using SSR markers.

MATERIAL AND METHODS

The field experiment was carried out at the Department of Agronomy, the Poznan University
of Life Sciences, in 2016 in the fields of the Agricultural Experimental Station in Swadzim.
Thirteen cultivars (Table 1) of fodder maize, grown for grain and purchased from different

Table 1.  Characterization of 13 cultivars of maize (Zea mays L.)

Cultivar Maturity (FAO number) Breeder Tgf:ir?f Type of hybrid (Sstg)f;:‘z
NK Cooler medrium-early (240) Syngenta flint tri-hybrid Yes
Delitop medrium-early (240) Syngenta flint single-hybrid Yes
Gazele early (220-230) Syngenta dent tri-hybrid Yes
NK Ravello early (210) Syngenta flint single-hybrid Yes
ES Palazzo medrium-early (230-240) Euralis flint single-hybrid No
ES Paroli medium-late (250) Euralis flint-dent single-hybrid Yes
SY Cooky early (220-230) Syngenta flint single-hybrid No
Drim early (220) Syngenta flint-dent tri-hybrid Yes
Clarica medium-late (280) Pioneer dent single-hybrid No
PR 39 G12 medrium-early (230) Pioneer flint single-hybrid Yes
SY Mascotte medium-late (260) Syngenta flint-dent single-hybrid Yes
ES Fortran early (210-220) Euralis flint single-hybrid No
PR39K 13 early (220) Pioneer flint single-hybrid No




136 K. Nowosad, J. Bocianowski, P. Szulc

seed production companies, were compared. The experiment was established in a one-factor
randomized block design with four field replications. It was carried out in typical grey-brown
podzolic soil composed of coarse sandy soil, shallowly deposited on light loam. The same NPK
fertilisation was applied throughout the experimental field: 100 kg N-ha! in the form of urea, 80
kg P,05-ha’! in the form of NPK-fertilizer (6% N), and 120 kg K,0-ha™! in the form of 60% po-
tassium salt. All the agricultural and cultivation measures were performed following the guide-
lines of good agricultural practices. Ten ears were collected from each experimental plot, with
ten kernels collected for genetic marker analyses after their manual threshing.

A sample of approx. 0.1 g fresh young tissues was collected from each cultivar and ground
into a fine powder using liquid nitrogen in the TissueLyser II system. Total genomic DNA was
extracted using a commercially available DNA extraction kit (DNeasy Plant Mini Kit, Qiagen)
following the manufacturer’s instructions. DNA was quantified using a Picodrop Microliter
UV/Vis Spectrophotometer (Saffron Walden, United Kingdom).

The polymerase chain reaction was run in a TProfessional thermocycler (Biometra) using a
set of 30 SSR primers (Table 2). 100 pair of primers were tested in preliminary experiment. On
the basis of results of this experiment we selected 30 SSR primers. Sequences of all tested prim-
ers come from database https://www.maizegdb.org. The PCR reaction mix (15 pl) included the
following: 70 ng genomic DNA, 100 uM each dNTP, 0.2 uM forward and reverse primers, 1x
Taq polymerase buffer and 2 U Tag polymerase (Thermo). Amplifications were carried out for
35 cycles, each consisting of a denaturation step of 40 s at 95°C, followed by an annealing step
of 30 s at 55°C and an extension step of 1 min at 72°C, with a final extension at 72°C for 7 min.
The amplified products were analysed on the QIAxcel system with the QIAxcel HighResolution
Kit following the AM420 method.

All the cultivars were scored for the presence and absence of the SSR bands. Data were en-
tered into a binary matrix as discrete variables, with “1” for the presence and “0” for the absence
of alleles. The polymorphic information content (PIC) for each marker was calculated using the
formula described by Wolko et al. [2015]. PIC values ranged from 0 (in the case of fixation of
one allele) to 0.5 (when the frequencies of both alleles were equal). Genetic similarity (GS) for
each pair of cultivars was estimated based on the coefficient proposed by Nei and Li (1979), de-
fined as GS=2N,/(N,+Np), where N,y is the number of bands shared by cultivars A and B, N,
is the number of bands in cultivar A, and Ny is the number of bands in cultivar B. The cultivars
were grouped using the unweighted pair group method with arithmetic mean (UPGMA). Simi-
larities between cultivars were visualised on a dendrogram. On the basis of the same matrix the
principal component analysis (PCA) was performed with the use of the GenStat v. 17 statistical
package. This multivariate technique allowed us to find and plot the major pattern within the
multiple loci data set. The resulting distance matrix was also subjected to the analysis of mo-
lecular variance (AMOVA) using GenAlEx 6.5 [Peakall and Smouse 2012]. AMOVA estimated
and partitioned the total molecular variance within and between groups of cultivars and then
tested the significance of partitioned variance components using non-parametric permutational
testing procedures with 999 permutations [Excoffier et al. 1992]. The Fj; coefficient was used
as a measure of population genetic structure and calculated from the formula: Fg,=(H,—H)/H,
where H; is the probability that two alleles drawn at random (with replacement) from the entire
population differ in state (i.e., the probability with no population structure), and Hy is the prob-
ability that two alleles drawn at random from a subpopulation differ in state (which, for a two-
allele system, will always be 2p.q,, where p; is the observed allelic frequency in subpopulation 7),
average over subpopulations. Groups for AMOVA were identified on the basis of the stay-green
effect, type of hybrid, type of grain and maturity.
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Table 2.  Code and sequences of primers tested, with annealing temperature
Pcri)r:;:r Left End: Right End: rl;?él)p
phi001 | TGACGGACGTGGATCGCTTCAC AGCAGGCAGCAGGTCAGCAGCG 71
phi002 | CATGCAATCAATAACGATGGCGAGT TTAGCGTAACCCTTCTCCAGTCAGC 66
phi008 | CGGCTACGGAGGCGGTG GATGGGCCCACACATCAGTC 65
phi015 | GCAACGTACCGTACCTTTCCGA ACGCTGCATTCAATTACCGGGAAG 67
phi021 | TTCCATTCTCGTGTTCTTGGAGTGGTCCA CTTGATCACCTTTCCTGCTGTCGCCA 63
phi026 | TAATTCCTCGCTCCCGGATTCAGC GTGCATGAGGGAGCAGCAGGTAGTG 70
phi036 | CCGTGGAGAGACGTTTGACGT TCCATCACCACTCAGAATGTCAGTGA 66
phi041 | TTGGCTCCCAGCGCCGCAAA GATCCAGAGCGATTTGACGGCA 64
phi042 | ATGTGGCCATCATTCAATGCTGTAGAC ACACATGCAGGTGCAGCCAGA 68
phi047 | GGAGATGCTCGCACTGTTCTC CTCCACCCTCTTTGACATGGTATG 63
phi049 | GATTGCGATAACATTGCGGCAAGTTGT CTTCTGTTCCGCCATCCAGTATGTT 69
phi054 | AGAAAAGAGAGTGTGCAATTGTGATAGAG | AATGGGTGCCTCGCACCAAG 66
phi056 | ACTTGCTTGCCTGCCGTTAC CGCACACCACTTCCCAGAA 63
phi061 | GACGTAAGCCTAGCTCTGCCAT AAACAAGAACGGCGGTGCTGATTC 69
phi064 | CCGAATTGAAATAGCTGCGAGAACCT ACAATGAACGGTGGTTATCAACACGC 68
phi068 | GTACACACGCTCCGACGATTAC TCTTCTCCACCAGAGCCTTGTAAG 62
phi070 | GCTGAGCGATCAGTTCATCCAG CCATGGCAGGGTCTCTCAAG 64
phi072 | ACCGTGCATGATTAATTTCTCCAGCCTT GACAGCGCGCAAATGGATTGAACT 70
phi073 | GTGCGAGAGGCTTGACCAA AAGGGTTGAGGGCGAGGAA 63
phi076 | TTCTTCCGCGGCTTCAATTTGACC GCATCAGGACCCGCAGAGTC 65
phi079 | TGGTGCTCGTTGCCAAATCTACGA GCAGTGGTGGTTTCGAACAGACAA 68
phi080 | CACCCGATGCAACTTGCGTAGA TCGTCACGTTCCACGACATCAC 64
phi0O85 | AGCAGAACGGCAAGGGCTACT TTTGGCACACCACGACGA 64
phill2 | TGCCCTGCAGGTTCACATTGAGT AGGAGTACGCTTGGATGCTCTTC 66
phill3 | GCTCCAGGTCGGAGATGTGA CACAACACATCCAGTGACCAGAGT 63
phill6 | TCCCTGCCGGGACTCCTG GCATACGGCCATGGATGGGA 68
phil19 | GGGCTCCAGTTTTCAGTCATTGG ATCTTTCGTGCGGAGGAATGGTCA 68
phil20 | TGATGTCCCAGCTCTGAACTGAC GACTCTCACGGCGAGGTATGA 63
phil27 | ATATGCATTGCCTGGAACTGGAAGGA AATTCAAACACGCCTCCCGAGTGT 69

phi129

TCCAGGATGGGTGTCTCATAAAACTC

GTCGCCATACAAGCAGAAGTCCA

65
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RESULTS

A total of 112 SSR markers were detected with the set of 30 SSR primers. The average
number of alleles per locus was 3.73, ranging from 1 to 17. The set of SSR primers used in this
study generated highly informative loci with PIC values ranging from 0 to 0.497, with the mean
0.274. The size of PCR products ranged from 63 to 267 bp.

The data were computed to estimate genetic similarity between studied maize cultivars based
on Nei and Li’s coefficients. The highest genetic similarity (amounting to 0.727) was found be-
tween cultivars Delitop and Gazele, whereas the lowest genetic similarity (0.174) was found for
cv. Delitop and PR 39 K 13 (Table 3). The mean value of genetic similarity was 0.473. The SSR

Table 3.  Genetic similarity among the studied cultivars of maize based on 112 SSR markers

5 = § = > 5 2 =
81 ° gl 8 5| |° g2 3

Delitop 0.478

Gazele 0.489 | 0.727

NK Ravello 0.481 | 0.719 | 0.698

ES Palazzo 0.409 | 0.556 | 0.604 | 0.613

ES Paroli 0.468 | 0.491 | 0.571 | 0.615 | 0.509

SY Cooky 0.388 | 0.597 | 0.632 | 0.612 | 0.453 | 0.462

Drim 0.310 | 0.441 | 0.448 | 0.553 | 0.394 | 0.435 | 0.652

Clarica 0.440 | 0.467 | 0.508 | 0.529 | 0.483 | 0.492 | 0.494 | 0.583

PR 39 G12 0.386 | 0.478 | 0.455 | 0.507 | 0.431 | 0.471 | 0.523 | 0.481 | 0.479

SY Mascotte 0.500 | 0.515 | 0.554 | 0.595 | 0.469 | 0.537 | 0.598 | 0.590 | 0.571 | 0.494

ES Fortran 0.351 | 0.388 | 0.364 | 0.453 | 0.400 | 0.412 | 0.545 | 0.633 | 0.563 | 0.564 | 0.675

PR39K 13 0.222 |1 0.174 | 0.178 | 0.259 | 0.182 | 0.298 | 0.269 | 0.276 | 0.360 | 0.211 | 0.321 | 0.351

markers data were used to group cultivars by the UPGMA method. The relationships between
cultivars are presented in the form of a dendrogram (Fig. 1), in which four clusters were clearly
distinguished. The first cluster (cluster I) contains cultivars: PR 39 G12, Clarica, SY Mascotte,
ES Fortran, SY Cooky and Drim; the second (cluster II): ES Paroli, ES Palazzo, NK Ravello,
Delitop and Gazele; the third (cluster III) comprises cv. NK Coller, while the fourth cluster IV
—PR 39 K 13. Genetic similarity between cultivars with the stay-green effect and cultivars with-
out the SG effect amounted to 0.945. The genetic similarity between the group of single-hybrids
and the group of tri-hybrids was 0.930. Genetic similarity between flint and dent cultivars was
0.895. The flint-dent type cultivars were more similar to the flint type cultivars (0.918) rather
than the dent type cultivars (0.875). For the maturity groups the greatest similarity was observed
between the group of medium-late cultivars and the group of medium-early cultivars (0.935),
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Fig. 1. Dendrogram for 13 cultivars of maize constructed for 112 SSR markers. Cultivars were grouped
hierarchically using the unweighted pair group method of arithmetic means (UPGMA)

whereas the lowest genetic similarity was found for the group of early cultivars and the group of
medium-late cultivars (0.904). The genetic similarity between the groups of early and medium-
early cultivars was 0.917.

The significant differentiation (F;=0.098; p=0.012) between the cultivars with and without
the stay-green effect was further supported by the AMOVA results (Table 4). The intra- and
inter-cultivar variabilities were found to be significant, with 9.8% of the genetic variance con-
tributed by the differentiation between the presence and lack of the stay-green effect, whereas
90.2% was partitioned within the groups (Table 4). However, the analysis performed for the
groups determined based on the hybrid type detected a small, but statistically significant vari-
ation between the groups of single-hybrids and tri-hybrids (F;=0.103; p=0.040). The percent-
age of variation between these two groups was 10.3%, whereas 89.7% was partitioned within
the groups (Table 4). AMOVA performed for the SSR data showed no significant differences
between the type of grain groups (F;=0.106; p=0.058). However, the AMOVA performed for
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Table 4.  Summary of analyses of molecular variance (AMOVA) for comparison between and within
groups of cultivars for four factors: stay-green effect, type of hybrid, type of grain and FAO
number (maturity) by SSR markers

Source of variation Degrees of Sum of Mean Estimated Perceptgge of
freedom squares squares variance variation
Stay-green effect

Among groups 1 26.3 26.3 1.71 9.8

Within groups 11 173 15.7 15.7 90.2
Type of hybrid

Among groups 1 243 243 1.82 10.3

Within groups 11 175 15.9 15.9 89.7
Type of grain

Among groups 2 44.0 22.0 1.83 10.6

Within groups 10 155 15.5 15.5 89.4

FAO number (maturity)

Among groups 2 43.6 21.8 1.50 8.8

Within groups 10 156 15.6 15.6 91.2

Total 12 199 17.0 100

the groups of FAO number detected a statistically significant variation between the groups
(Fg;=0.088; p=0.016). The percentage of variation between these groups was 8.8%, whereas
91.2% was partitioned within the groups (Table 4). The largest variation was observed for the
early cultivars (FAO 200-220).

The PCA was performed to confirm the structure and to gain insight into the diversity of
13 maize cultivars based on the distance matrix (Fig. 2). The first three PCs explained a total
of 45.3% SSR marker variation (18.6, 15.5, and 11.2%, respectively). The first axis, which ac-
counted for 18.6% of the variance, separated the cultivars which were assigned by UPGMA to
the first and second clusters. The second axis, accounting for 15.5% of the variance, showed
diversity of cultivars NK Coller and PR 39 K 13. It is evident that the results provided by these
two methods applied independently, are complementary.

DISCUSSION

Microsatellite markers are some of the most extensively used molecular markers in various
research areas, including assessment of genetic diversity, gene mapping and marker assisted
selection [Abbasi et al. 2015, Erayman et al. 2014, Ipek et al. 2015, Kumar et al. 2015, Naghavi
et al. 2012, Wolko et al. 2010,]. SSR markers exhibit tremendous potential for large-scale DNA
fingerprinting of maize genotypes thanks to the high level of polymorphism detected [Smith et
al. 1997], which is used to assess genetic relationships between maize inbred lines and other
genotypes [Enoki et al. 2002, Li et al. 2002, Pejic et al. 1998, Senior et al. 1998, Smith et al.
1997, Song et al. 2013].
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Fig. 2. Principal component analysis of 13 cultivars of maize based on 112 SSR markers

The polymorphic information content defines the applicability of SSR markers to identify
genetic similarities and differences between pure lines, in this case it was maize cultivars. The
PIC recorded in this study for biallelic markers ranged from 0 to 0.497, with a mean of 0.274. In
the case of multiallelic microsatellites other researchers reported greater PIC values: (1) mean
PIC of 0.62 was previously provided by 131 SSR markers in a diversity study of 58 maize in-
bred lines, with the PIC ranging of 0.06 to 0.91 [Smith et al. 1997], (2) PIC values for 70 SSR
loci for 94 maize inbreds ranged from 0.17 to 0.92, with an average of 0.59 [Senior et al. 1998],
(3) the PIC values of 105 SSR loci for 56 maize inbred lines ranged from 0.31 to 0.71, with a
mean of 0.55 [Legesse et al. 2006], (4) PIC ranged from 0.75 to 0.96, with an average of 0.91
for 151 alleles analysed for 63 inbreds [Krishna et al. 2012]. High PIC estimates indicate the
strength of the molecular markers to distinguish any variability between cultivars, particularly
for SSRs that have the advantage of being co-dominant.

Information on genetic similarity is crucial for crop improvement and it has been success-
fully applied for efficient germplasm management, fingerprinting and genotype selection. Genetic
similarity may be estimated based on phenotypic identification or molecular markers. However,
morphological traits have a number of limitations, such as e.g. low heritability and late expression;
additionally, they may be controlled by epistatic and pleiotropic gene effects [Bocianowski and
Nowosad 2015, Eivazi et al. 2008]. Molecular markers are useful complements supplementing
morphological characterisation of genotypes, since they are plentiful, independent of plant tissue
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or environmental effects, and provide cultivar identification very early in the course of plant devel-
opment [Manifesto et al. 2001]. Genetic similarity between the 13 analysed maize cultivars ranged
from 0.174 to 0.727. Many researchers characterised genetic diversity in maize using microsatel-
lite markers. The similarity observed in this study is similar to the values obtained in other studies
using SSR markers: (1) ranging from 0.16 to 0.87 with an average of 0.62 [Pejic et al. 1998], (2)
from 0.66 to 0.97 [Krishna et al. 2012] and (3) from 0.422 to 0.756 [Srdi¢ et al. 2011]. Genotypes
exhibiting the greatest genetic diversity (the smallest genetic similarity) may be used to create a
gene pool of parental lines applicable in the creation of high yielding maize hybrids.

The 13 cultivars were grouped into four clusters using the model-based analysis, the results
of which were consistent with PCA and phylogenic analysis. The difference in genetic diversity
between the cultivars is an effective indicator of genetic differentiation. Our results showed
variation in the apparent diversity distribution between the cultivars in relation to gene diversity
and PIC scores, suggesting distinct differentiation levels. Further, the statistically significant
genetic differentiation between the groups was shown by the AMOVA, which confirmed to
the differentiation of three (out of four) factors. However, the differences between the groups
based on grain type were non-significant. The total variation was connected with the differences
between the cultivars within the group, as indicated by the AMOVA. This may have resulted
from the acceleration of resource communication between the different groups. The AMOVA
has often been used to study many species [Boczkowska and Tarczyk 2013, Contreras-Negrete
et al. 2015, Mazid et al. 2013, Naghavi et al. 2012].

The PCA identifies linear combinations of a set of variates (markers), which maximises vari-
ation contained within them, thus displaying most of the original variability within a smaller
number of dimensions. The total variation of SSR markers explained by the first two PCs ex-
ceeded the results recorded in other studies [Mazid et al. 2013].

CONCLUSIONS

The genetic analysis using the SSR markers revealed the extent of similarity and differences
between 13 maize cultivars used in this study, which compared favourably with the results re-
ported in similar studies [Somta et al. 2011] using SSRs, including those adopted in this study.
In this study, PIC estimates ranged from 0 to 0.497, with a mean of 0.274. The SSR markers
highly effectively discriminated between the 13 analysed maize cultivars. 30 SSR primers stud-
ied in this paper can be recommended for creation by maize’s breeders of separate gene pools.
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ANALIZA ZMIENNOSCI MOLEKULARNEJ I PODOBIENSTWO GENETYCZNE
POMIEDZY WYBRANYMI ODMIANAMI KUKURYDZY (ZEA MAYS L.) NA PODSTAWIE
MARKEROW SSR

Synopsis. Zmienno$¢ genetyczna 13 odmian kukurydzy analizowano w oparciu o 30 specyficznych star-
terow. W sumie 112 markeréw SSR zostalo wyznaczonych dla tych odmian. Odmiany analizowano ze
wzgledu na ich dojrzalos¢, typ ziarna, typ mieszanca oraz obecno$¢ lub brak efektu stay-green. Podobien-
stwo genetyczne pomi¢dzy odmianami wynosito od 0,174 do 0,727, ze $rednig warto$cig rowna 0,473.
W przeprowadzonym doswiadczeniu zaobserwowano duza zmienno$¢ badanych odmian kukurydzy. Wy-
niki AMOVA wskazuja na istotne genetyczne zréznicowanie pomi¢dzy rozwazanymi grupami, wyjasnia-
jacej co najmniej 89,4% calkowitej zmienno$ci molekularnej pomigdzy odmianami w grupach.

Stowa kluczowe: AMOVA, podobienstwo genetyczne, kukurydza (Zea mays L.), markery mikrosatelitar-
ne, analiza sktadowych glownych

Accepted for print — zaakceptowano do druku: 16.10.2017

For citation — Do cytowania:

Nowosad K., Bocianowski J., Szulc P. 2017. Analysis of molecular variance and genetic simi-
larity between selected cultivars of maize (Zea mays L.) revealed by SSR markers. Fragm.
Agron. 34(4): 134-144.





