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Abstract

Effective tools for evaluation of diversity in the collected gene
resources of a given species are multivariate statistical methods.
They provide information on phenotypic and genetic variability of
collected material. The subjects of this study were nine inbred
lines and three F, generations of winter rye (Secale cereale L.),
growing in experimental plots of the Polish Academy of Sciences
Botanical Garden, Centre for Biological Diversity Conservation
in Powsin. The evaluation was performed over the period of 3
years. Observations were made of the following traits: length of
stem, length of spike, number of nodes in spike rachis, number
of kernels per spike, weight of kernels per spike, weight of 1000
kernels, length of flag leaf, length of subflag leaf, length of third
leaf, width of flag leaf, width of subflag leaf, width of third leaf,
area of leaves per stem, number of stems per plant and area of
leaves per plant.

On the basis of cluster analysis and principal components
analysis, two genetically homogeneous groups were identified.
Mean values and standard deviations were calculated for each
trait in each group and for all genotypes together. Multivariate
distance matrix permitted identification of the most genetically
similar and most distant forms.
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1. INTRODUCTION

High degree inbred lines are used as components for obtaining
hybrids. Thus, the agricultural worth of hybrids is determined to
a high degree by the traits of the lines [Grudkowska et al. 2001].
Inbred lines should be characterised by good equalisation high
vigour and high degree of homozygosity, abundant production
of pollen and high combination ability [Kadtubiec et al. 2000], to
be suitable for breeding programme that is time-consuming and
long-lasting [Lewandowska et al. 2012]. Multivariate statistical
methods provide information on phenotypic and genetic variability
of the collection of cultivated plants [Ukalski et al. 2009]. Such
methods permit classification of the objects studied into groups
having one or many traits the same and allows characterisation

Streszczenie
Waznym elementem oceny roznorodnosci w obrebie
gromadzonych kolekcji zasobow genowych danego gatunku

jest zastosowanie wielocechowych metod statystycznych.
Umozliwiajg one poszerzenie wiedzy 0 zmiennosci
fenotypowej oraz genetycznej posiadanych materiatéw

kolekcyjnych. Przedmiotem badan byto dziewie¢ linii wsobnych
i trzy pokolenia F, zyta ozimego (Secale cereale L.), rosngce
na polu doswiadczalnych Polskiej Akademii Nauk Ogrodzie
Botanicznym — Centrum  Zachowania Réznorodnosci
Biologicznej w Powsinie, ktére oceniano w cyklu trzyletnim.
Obserwacji poddano nastepujgce cechy: dtugos¢ zdzbta
(LSM), dtugos¢ kitosa (LSK), liczba weztdw na osadce ktosowej
(NNSR), liczba ziarniakéw w kiosie (NKS), masa ziarniakow
w kitosie (WKS), masa 1000 ziarniakow (WTK), dtugosé liscia
flagowego (LFL), dtugos¢ liscia podflagowego (LSL), diugosé
trzeciego liscia (LTL), szerokos¢ liscia flagowego (WFL),
szerokos¢ liscia podflagowego (WSL), szerokos$¢ trzeciego liscia
(WTL), powierzchnia lisci na zdzble (ALS), krzewisto$¢ (NSP) i
powierzchnia lisci na roslinie (ALP).

Na podstawie analizy skupien i sktadowych gtéwnych PCA
wydzielono dwie jednorodne genetycznie grupy. Obliczono
wartosci $rednie i odchylenia standardowe dla poszczegdinych
cech z podziatem na grupy i dla wszystkich genotypow razem.
Wielocechowa macierz odlegto$ci miedzy poszczegdlnymi
genotypami pozwolita na okreslenie form najbardziej podobnych
do siebie i najbardziej roznigcych sie od siebie.

of the groups [Kubicka et al. 2006, 2012, 2013]. The method most
often used for investigation of multivariate variability of cultivated
plants is the principal component analysis (PCA) [Rao 1964,
Dudnikov 2000, Studnicki et al. 2010]. So far, the multivariate
statistical methods have been successfully used for determination
of phenotypic variability and classification of collections of many
species of cultivated plants, including rye, oat, wheat and maize
[Bujak et al. 2006, Studnicki et al. 2009, Ukalski et al. 2009,
Ukalski, Smiatowski 2011, Lewandowska et al. 2012].

The aim of this study is evaluation of morphological diversity of
inbred lines and hybrid forms of winter rye (Secale cereale L.) from
our collection with the help of multidimensional statistical methods.
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2. MATERIALS AND METHODS

The study was performed on nine inbred lines and three F,
generations of winter rye (Secale cereale L.). The inbred lines
differed in the origin and degree of inbred (Table 1). The subjects
of observation were the following ftraits: length of stem (LSM),
length of spike, number of nodes in spike rachis, number of
kernels per spike, weight of kernels per spike, weight of 1000
kernels, length of flag leaf (LFL), length of subflag leaf, length of
third leaf, width of flag leaf (WFL), width of subflag leaf (WSL),
width of third leaf (WTL), area of leaves per stem, number of stems
per plant (NSP) and area of leaves per plant. The measurements
were performed on 3 stems from 10 plants representing each
analysed forms over the period of 3 years of studies at the Polish
Academy of Sciences Botanical Garden, Centre for Biological
Diversity Conservation in Powsin.

The experimental data were analysed using univariate and
multivariate statistical methods. Cluster analysis was used
for multivariate classification of the examined genotypes. The
variables were standardised because of various units that were
measured. Squared Euclidean distance was used as a measure
of distance between genotypes. Ward's method was used for
agglomeration of the clusters.

For evaluation of differences between the distinguishes groups
means (centroids) for the clusters were calculated and analysis
of variance was performed to estimate significance of the
differences. Pearson’s linear correlations were calculated for
pairs of all examined traits. PCA was performed to evaluate
multivariate relationships between variables and for evaluation of
multivariate differences between genotypes.

The analyses were conducted using Statistica, version 10
(StatSoft 2010). Significance level was set for all analyses at
p = 0.05.

3. RESULTS AND DISCUSSION

Cluster analysis revealed statistically significant differences in
the traits studies and according to its results, two homogeneous
groups were identified, (Fig. 1). The plants from group | were
characterised by a shorter stem and a shorter spike, smaller
number of kernels in the spike, lower mass of kernels in a spike
and lower mass of one thousand kernels (Table 2). Moreover, the
plants from group | have leaf area by over 5 times smaller and
number of stems per plant by almost twice smaller than those
from group Il. In general, statistically significant differences were
found between the groups in the majority of traits considered, at
p <0.05.

Results of correlation analysis (Table 3) and PCA (Fig. 2a) show
that all the traits were positively correlated to a higher or lesser
degree. It means that usually, a higher value of one trait was
correlated with the higher values of the other traits. Slightly poorer
was the correlation of the width of flag leaf, width of subflag leaf
and width of the third leaf with the other traits, although these
widths were strongly correlated with each other. Slightly poorer
were also the correlations of the length of stem and number
stems per plant with the other traits.
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Table 1. Origin of genotypes and their generation.

Number and name - .
Origin and generation

of genotype
1-mk, 2-MK Shortness form from Jeleniec (J) - S,
Segregant from crossing inbred lines:
o sty LIS XLSTLE Srolaeere
variety (DS) - S,,

5-L79 Smolickie variety (S) - S,

6jez Dankowskie Selekcyjne variety (DS)
-8,
7-L299, 8-J74 Shortness form from Jeleniec (J) - S,
9-M147 Breeding materials - S,

10-M147xJ74,

11-jezxL299, F, generation

12-jezxL79
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Fig. 1. Dendrogram presenting similarity of 12 genotypes on the
basis of cluster analysis.

The first principal component (PC1) explains over 2/3 of the total
variation of the data, which means that the diversity of genotypes
in the PCA plot (Fig. 2b) is the strongest along the horizontal
axis. The group | genotypes, including 1 - mk; 9 - M147; 7 - L299;
3 - kn and 5 - L79, show rather low values of almost all traits.
Group Il genotypes (2 - MK; 6 - jez; 4 - KN; 12 - F, (jezxL79);
8-J74;11-F (jezxL299)and 10 -F, (M147xJ74) show the majority
of traits of higher values than those of group I. No statistically
significant differences between the groups were found only for
four traits length of flag leaf, width flag leaf, width subflag leaf
and width third leaf. Within the groups, some of the genotypes
were considerably different from the other ones; in group |, the
most distant was genotype 3 (kn), while in group I, genotype
10 (F, (M147xJ74). These observations were confirmed by the
multivariate Euclidean distances between genotypes presented
in Table 4.
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Table 2. Means, standard deviations (SD) and results of analysis of variance (F and P-value) for comparison of clusters distinguished
in cluster analysis (significant correlations are in bold, p < 0.05).

Clusters
Total
Traits 1 2 F P-value

mean SD mean SD mean SD
Length of stem [cm] 69.65 11.59 115.10 32.21 8.909 0.014 96.16 34.10
Length of spike [mm)] 81.98 11.25 114.19 12.58 20.783 0.001 100.77 20.18
Number of nodes in spike rachis 14.16 1.35 19.37 1.30 45.335 0.000 17.20 2.97
Number of kernels per spike 12.73 9.36 48.51 21.16 12.292 0.006 33.60 24.81
Weight of kernels per spike [g] 0.20 0.16 1.22 0.76 8.500 0.015 0.79 0.77
Weight of 1000 kernels [g] 13.71 4.55 24.38 7.92 7.210 0.023 19.93 8.48
Length of flag leaf [mm] 104.78 39.88 143.39 25.11 4.284 0.065 127.30 36.30
Length of subflag leaf [mm] 163.66 42.45 210.97 20.83 6.654 0.027 191.26 38.54
Length of third leaf [mm] 159.24 28.86 203.74 17.81 11.035 0.008 185.20 31.64
Width of flag leaf [mm] 10.43 2.83 12.48 2.39 1.852 0.203 11.63 2.68
Width of subflag leaf [mm] 13.15 3.12 15.79 2.83 2.346 0.157 14.69 3.12
Width of third leaf [mm] 12.57 2.21 15.28 2.22 4.365 0.063 14.15 2.53
Area of leaves per stem [dm?] 0.38 0.09 0.87 0.15 39.000 0.000 0.66 0.28
Number stems per plant 5.03 1.54 9.71 2.24 16.085 0.002 7.76 3.07
Area of leaves per plant [dm?] 1.87 0.53 9.50 3.96 17.820 0.002 6.32 4.91

Table 3. Correlations coefficients between examined traits (significant correlations are in bold, p < 0.05).

Traits LSM LSK NNSR NKS WKS WTK LFL LSL LTL WFL WSL WTL ALS NSP ALP

LSM 0.59  0.66 082 084 085 052 055 072 006 006 013 065 090 0.75
LSK 0.59 0.96 0.72 069 064 080 082 0.77 061 066 070 093 0.65 0.64
NNSR 0.66 0.96 080 074 069 075 080 081 057 062 070 093 0.77 0.76
NKS 0.82 0.72 0.80 096 090 060 066 069 041 046 051 0.72 0.83 0.69
WKS 0.84 069 0.74 0.96 094 058 0.60 063 043 046 052 0.73 0.79 0.68
WTK 0.85 0.64 0.69 0.90 0.94 0.67 0.69 0.69 050 049 052 0.68 0.83 0.73
LFL 052 080 075 0.60 0.58 0.67 098 085 068 069 062 0.73 0.58 0.56
LSL 0.55 0.82 0.80 0.66 0.60 0.69 0.98 091 066 068 064 0.75 0.64 0.58
LTL 0.72 0.77 0.81 0.69 063 069 0.85 0.91 040 042 043 0.75 0.76 0.66
WFL 0.06 0.61 0.57 041 043 050 0.68 0.66 0.40 098 0.96 057 0.27 0.39
WSL 0.06 0.66 0.62 046 046 049 0.69 068 042 0.98 0.98 0.63 0.25 0.37
WTL 0.13 070 0.70 051 052 052 062 064 043 0.96 0.98 0.69 0.33 0.42
ALS 0.65 093 0.93 072 0.73 068 073 0.75 0.75 057 0.63 0.69 0.67 0.76
NSP 0.90 0.65 0.77 083 0.79 083 058 064 076 027 025 033 0.67 0.88

ALP 075 064 076 069 068 073 056 058 066 039 037 042 0.76 0.88

ALP: area of leaves per plant ; ALS: area of leaves per stem; LFL: length of flag leaf; LSK: length of spike; LSL: length of subflag
leaf; LSM: lengh of stem; LTL: length of third leaf; NKS: number of kernels per spike; NNSR: number of nodes in spike rachis; NSP:
number stems per plant; WFL: width of flag leaf; WKS: weight of kernels per spike; WSL: width of subflag leaf; WTK: weight of 1000
kernels; WTL: width of third leaf.
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Table 4. Multivariate standardised squared Euclidean distances between genotypes (significant correlations are in bold, p < 0.05).

Genotype 1 2 3 4 5
1 0 23.2 29 30.0 13
2 23.2 0 84 17.7 65
3 28.7 83.7 0 58.1 6
4 30.0 17.7 58 0 36
5 13.1 54.6 6 36.2 0
6 17.0 10.1 64 17.2 40
7 9.6 22.3 37 14.5 17
8 26.0 17.4 59 6.2 37
9 4.0 22.5 24 16.6 9
10 82.9 28.4 145 21.3 108
1" 38.3 30.2 61 8.6 40
12 27.3 15.9 52 3.9 B8

PC2:16,08%

-0.6

-0.4 -0.2 0.0

PC1:68,87%

6 7 8 9 10 1 12
17.0 9.6 26.0 4.0 83 38.3 27.3
10.1 22.3 17.4 22.5 28 30.2 15.9
63.5 37.0 58.7 24.4 145 60.8 51.9
17.2 14.5 6.2 16.6 21 8.6 3.9
40.2 16.6 36.9 8.5 108 39.7 32.7

0 15.2 12.4 15.3) 40 16.3 15.2
15.2 0 195 4.4 58 17.4 16.4
12.4 155 0 171 28 13.2 6.5
153 4.4 171 0 66 22.9 15.0
39.9 58.0 28.3 65.9 0 31.0 27.6
16.3 17.4 13.2 22.9 31 0 10.9
15.2 16.4 6.5 15.0 28 10.9 0
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Fig. 2. Results of PCA presenting relationships between traits (a) and multivariate differences between genotypes (b).
ALP: area of leaves per plant ; ALS: area of leaves per stem; LFL: length of flag leaf; LSK: length of spike; LSL: length of
subflag leaf; LTL: length of third leaf; NKS: number of kernels per spike; NNSR: number of nodes in spike rachis; WFL: width
of flag leaf; WKS: weight of kernels per spike; WSL: width of subflag leaf; WTK: weight of 1000 kernels; WTL: width of third

leaf; PCA: principal component analysis.

All traits studied were mutually positively correlated, some of
them very strongly and some others poorly. The two groups of
uniform genotypes showed statistically significant differences
in the majority of traits studied, except for the width of leaf and
length of flag leaf.

Statistical methods applied permitted separation of two groups
of genotypes and their multivariate characterisation. Similar
statistical methods have been applied by Ukalski et al. [2011] for
evaluation of rye genotypes diversity and by, for example, Kuleung
et al. [2006], Shang et al. [2006] and Bolibok-Bragoszewska et al.
[2009] for determination of molecular markers.

Analysis of similarity based on a large number of traits permits
separation of genotypes similar in many traits and those
much genetically different, which is important for the choice of
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genotypes for gene banks [Studnicki et al. 2010]. The choice
of genotypes showing significant differences in many traits for
core collections ensures high genotypic and phenotypic diversity,
which makes the collection a valuable material for breeding new
hybrid varieties.

4. CONCLUSIONS

Multivariate cluster analysis and PCA are the methods highly
useful for evaluation of genetic diversity of collection forms.
The above statistical methods permit effective management of
collection and facilitate the choice of parental forms that can be
used for plant breeding.
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