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The main direction in the breeding of legumes is the development of high-productive cultivars with stable yields.
In order to assess the ecological stability of 17 broad bean accessions (Fb 1896, Fb 1903, Fb 1929, Fb 2481, Fb 2486,
Fb 3270, BGE 002106, BGE 029055, BGE 032012, BGE 041470, BGE 043776, BGE 046721, FbH 13, FbH 14, FbH 15,
FbH 16, BGP) with regard to key quantitative traits, a field experiment was conducted in the Institute of Forage
Crops (Pleven) in 2016-2018. Plants were grown under organic farming conditions without the use of fertilizers or
pesticides. Three types of stability parameters were calculated based on regression, variance, and nonparametric
analysis. The results of the variance analysis showed a significant genotype x environment interaction for all quan-
titative traits except pod width. The factor ‘environment’ had the greatest impact on the phenotypic manifestation
of the traits, followed by the factors ‘genotype’ and ‘genotype x environment interaction’ In terms of plant height
and 1st pod height, accessions FbH 16 and FbH 13 can be classified as high (79 cm, 35 cm) and ecologically stable
(bi = 0.76, bi = 0.79). BGE 029055 was little variable and had high numbers of pods (15) and seeds (41) per plant.
Accessions FbH 14, FbH 16, FbH 15, and BGP were distinguished by high seed weight per plant (from 28.36 to
34.93 g), but they exhibited instability (bi>1) under unfavorable environmental conditions. In contrast, Fb 1903,
BGE 043776, and Fb 3270 were very stable (bi<1) but low-productive. Accessions Fb 1896, Fb 1929, Fb 2481,
Fb 2486, BGE 002106, and BGE 029055 showed intermediate parameters, as they had the coefficient of linear
regression close to 1, but they were also low-productive. BGE 041470 appeared to be of special interest for breeding.
It had high values of 100 seed mass (101.38 g) and seed weight per plant (32.14 g), being relatively stable (bi = 1.10).
GGE biplot analysis determined accessions BGE 046721, BGE 032012, FbH 15 and FbH 16 as a promising breeding
material combining high and stable seed yield.
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DKojiormueckasi crabuiabHOCTh 600a oBoiHoro (Vicia faba L.)
B VCJIOBUSIX OPTaHMYECKOro X03sIicTBa

H.A. Teopruesa®, B.J1. Koces

NHCTUTYT KOpMOBbIX KynbTyp, lNnesen, bonrapus
® e-mail: imnatalia@abv.bg

BaxHoe HarnpaBneHue B cenekummn 6060BbIX — CO3AaHNE BbICOKOYPOXKAMHbIX COPTOB CO CTabUIbHOW NPOAYKTUB-
HOCTbIO. [1N51 OLEHKM 3Konornyeckonm ctabunbHoctn 17 obpasuos Vicia faba (Fb 1896, Fb 1903, Fb 1929, Fb 2481,
Fb 2486, Fb 3270, BGE 002106, BGE 029055, BGE 032012, BGE 041470, BGE 043776, BGE 046721, FbH 13, FbH 14,
FbH 15, FbH 16, BGP) N0 0CHOBHbIM KONMMYECTBEHHbIM NPU3HaKam B IHCTUTYTe KOPMOBbIX KynbTyp (r. [neseH, bon-
rapus) B 2016-2018 rr. 6bin NpoBefieH NoNeBol SKCNepuMeHT. PacTeHrA BblpalyMBam B YCIIOBUSX OpraHUYecKo-
ro 3emnegenus, 6e3 UCNoNb30BaHMA YAOOPeHN 1 necTnumaoB. Ha ocHoBe perpeccMoHHOro, AUCNEPCUOHHOIO
1 HenapameTpryeCcKoro aHanm3a Obiny paccymTaHbl TpY TUMNA NapaMeTpoB CTabubHOCTY. Pe3ynbTaThl gucnepcu-
OHHOrO aHanM3a [OKa3blBaloT B3aMMOLENCTBME FeHOTUMN X Cpeaa AfiA BCEX KONMYECTBEHHbIX MPU3HAKOB, Kpome
WMpUHbI 6060B. DaKkTOp Cpeabl OKa3biBaeT HaubosbLLee BAVAHVE Ha GeHOTUNMYECKOe MPOABIEHME NMPU3HAKOB,
Janee cnepytoT GakTopbl «FEHOTUM» U «Te@HOTUMN X cpefax. o NpU3HaKam «BbICOTa PACTEHUA» U «BbICOTa 6060B»
ob6pasubl FbH 16 n FbH 13 MoXHO 0THeCT K BbICOKM (79 1 35 CM COOTBETCTBEHHO) 11 SKONOTMMYECKM CTabWbHbBIM
(bi=0.76, bi = 0.79). BGE 029055 vmeeT HU3KYyt0 BaprabenbHOCTb, C BbICOKMMM 3HaYeHMAMU KosnyecTsa 60608 (15)
1 KOJTMYECTBA CEMSH C pacTeHus (41). O6pasubl FbH 14, FbH 16, FbH 15 1 BGP xapakTepusytoTcs BbICOKOI Maccoi
cemsH (0T 28.36 10 34.93 1), HO NPOABAAIT HeCTabubHOCTL (bi> 1) B HebnaronpuATHbIX ycnoBuaAx cpefbl. Fb 1903,
BGE 043776 v Fb 3270, HanpoTuB, o4eHb cTabunbHbl (bi< 1), ofHaKo HM3KOMPOAYKTUBHbI. [TpOMeEXyTOUHble NO3K-
uun 3aHMMatoT obpasubl Fb 1896, Fb 1929, Fb 2481, Fb 2486, BGE 002106 1 BGE 029055, y KOTOpbIX KO3bdurLmneHT
NNHENHOW perpeccr NpubMKaeTcs K eIHNLE, HO OHM TaKXKe ABNIAOTCA HA3KOMPOW3BOANTENIbHbIMU. VIHTepeceH
C no3uuun cenekumn obpasel, BGE 041470, oTinyatowmiica BbICOKMMM 3HaYeHnsaMmn maccbl 100 cemaH (101.38 1)
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1N MAccbl CeMsIH € pacTeHus (32.14 1) n oTHOCKTeNbHON cTabunbHOCTbiO (bi = 1.10). Pe3ynbTtaTthl aHanm3a ABOVIHbIX
avarpamm GGE nossonstoT pacueHuBaTb o6pasubl BGE 046721, BGE 032012, FbH 15 n FbH 16 kak nepcnekTuBHbIN
mMaTepuan Asia cenekumm, CoYeTaloL i BbICOKYIO 1 CTabUNbHYIO MPOAYKTUBHOCTb CEMAH.

Kniouesble cnoBa: Vicia faba L.; napameTpbl CTabUIbHOCTY; MPOAYKTMBHOCTb; NMPU3HAKM; 06pa3Libl; perpecCUoHHbIN

aHanms; Hel'lapaMeTpVI‘-IECKVIVI aHanus.

Introduction

Broad bean (Vicia faba L.) is an important legume crop that
is primarily used as a protein source in human diet, as forage
for animals and as an available source of nitrogen for the bio-
sphere (Rubiales, 2010). Enlargement of broad bean growing
is desirable, but it is hampered due to unstable yields (Link
etal., 2010).

Yield is a complex quantitative characteristic that is usually
controlled by several genes and affected by environmental
conditions. The importance of genotype-environment interac-
tion in national programs for cultivar evaluation and breeding
programs has been found in most major crops (Kendal et al.,
2016; Pouresmael et al., 2018). Researchers investigate and
describe stable genotypes by use of different parametric and
nonparametric methods or single-variate and multivariate sta-
tistical methods (Hamayoon et al., 2011; Imtiaz et al., 2013;
Kendal, Sayar, 2016).

In recent years, breeders’ interest in legume crops, and
especially in broad beans, has increased. Great attention is
paid to the study of the starting material, both for the develop-
ment of new varieties and for the improvement of the existing
ones (Kurkina, 2013). In order to identify the best donors and
promising candidate cultivars, statistical analysis of as many
quantitative traits as possible can be used (Kurkina, 2003;
Buravtseva et al., 2009).

The main direction in the breeding of legumes is the deve-
lopment of high-productive cultivars with stable yields over
the years (Kazydub, Shamanin, 2003). The terms “plastic-
ity” and “stability” are used to characterize the potential of
modification variability and genotypic variability of the indi-
vidual traits (or their groups). Plasticity (the ability of traits
to change), as well as stability under different environmental
conditions, are considered to be the basic adaptive proper-
ties of living organisms. Ecological plasticity of a genotype
(cultivar) is the ability to a sustainable formation of high
(compared to other genotypes) yield over a wide range of
meteorological and agro-technical conditions (Zhuchenko,
2012; Marakaeva, Kazydub, 2016). Stability is a particularly
important characteristic of cultivars in organic production
conditions (Konvalina et al., 2009; Georgieva, 2017).

The aim of this study was to evaluate the ecological stability
of'broad bean accessions regarding main quantitative traits in
broad bean in organic farming conditions.

Material and methods

The experimental activity was conducted at the Institute of
Forage Crops (Pleven, Bulgaria) during the period 2016-2018.
The objects of the study were 17 broad bean (Vicia faba L.)
accessions of different origins: Portugal (Fb 1896, Fb 1903,
Fb 1929, Fb 2481, Fb 2486, Fb 3270), Spain (BGE 002106,
BGE 029055, BGE 032012, BGE 041470, BGE 043776,
BGE 046721) and Bulgaria (FbH 13, FbH 14, FbH 15, FbH 16,
BGP).The randomized block method (Barov, 1982) was used,
with a plot size of 4 m? and three replications. The sowing was
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done by hand, at a depth of 8 cm and with a rate of 30 seeds
per m2. Plants were grown under organic farming conditions
without the use of fertilizers and pesticides. A biometric es-
timation was performed, including the following traits: plant
height (cm), 1st pod height (cm), pods number per plant, pod
lenght (cm), pod width (cm), seeds number per plant, seed
weight per plant (g), 100 seeds mass (g).

The obtained data were processed by two-factor analysis
of variance for each trait for determine of the influence of
genotypes (accessions) (G), environments (E) and their inter-
action (GxE). The evaluation of the ecological stability of
the studied accessions was performed using the following
analyzes and parameters: regression analysis — according to
(Eberhart, Russell, 1966) where the regression coefficient (bi)
and the variance of the deviations from regression (Si?)
were calculated; according to (Tai, 1979) in which the pa-
rameters a; (linear response to the environmental effects)
and A; (deviation from the linear response) were determined;
variance analysis —mean variance component (PP) according
to (Plaisted, Peterson, 1979), ecovalence (W2) according to
(Wricke, 1965), stability variances (o2 and W;) according to
(Shukla, 1972) and (Annicchiarico, 1992) respectively; and
non-parametric analysis — by the rank-parameter (Si,) on the
model of (Huehn, 1990a, b). Plaisted and Peterson’s (1979)
mean variance component (PP) was a measure of a cultivar’s
contribution to the G x E interaction and was determined from
a total through “pair-wise” analysis. According to Annic-
chiarico’s method (1992), a reliability index (W;) was calcu-
lated which estimates the probability of a particular genotype
(cultivar) to show a performance below the environmental
average or below any standard used. GGE biplot model was
done, which uses decomposition of the singular value of first
two principal components (Yan, 2002). All experimental data
were processed statistically with using the computer software
GENES 2009.7.0 for Windows XP (Cruz, 2009).

Results

Analysis of variance

The results of the two-factor analysis of variance of the traits
(Table 1) confirmed the differences in the environmental con-
ditions during the experimental period. With regard to the trait
of pod width, the variances of factors were insignificant, on the
basis of which it can be considered that genotype differences
between the accessions were not essential. For all other traits,
the influence of the factors was statistically significant, and
the environment had the greatest share. The effect of geno-
type was stronger pronounced than that of GE interaction for
the 1st pod height, pod length and 100 seeds mass. In terms
of plant height, the GE interaction was more pronounced.
Consequently, for improving this trait, further research will
be needed. The statistical significance of the factors genotype,
environment and their interactions for almost all traits was an
objective prerequisite for determining the stability parameters.
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Table 1. Mean squares in analysis of variance of broad bean accessions regarding main quantitative traits

Source DF Plant 1st pod Pods
of variation height height number
CEnvionment 2 128511%  690.94*  28632°
Genowp e o 1 7713* ........... o 3 432* ..........
GXxE 32 182.05% 72.12% 23.55%
Env/Gen 34 927.29% 108.52% 39.012%
Env/Gen 1 2 605.38" 92.03* 23.24%
Env/Gen 2 2 1122.58* 156.85% 32.18*
Env/Gen 3 2 732.47% 205.65% 23.94*
Env/Gen 4 2 1051.84* 283.73* 23.23*
Env/Gen 5 2 903.05% 109.54% 17.44%
Env/Gen 6 2 3035.11% 516.04* 12.72%
Env/Gen7 ............... S § 0300** ......... 3 6 G . 017* ..........
Env/Gen8 ............... S 5 5112*** ........ § 35*** ............ ; 957* ..........
Env/Gen9 ............... S 1 32665* ......... é 175* ............. 1765* ..........
Env/Gem e S 1 07302* ......... 8 375* ............. 1926* ..........
Env/Gem S e SRR o o
Env/Gen 12 2 700.98% 44.45% 5.21%%
Env/Gen 13 2 469.91% 47.73% 6.51%%
Env/Gen 14 2 660.35% 11.43%% 345.16%
Env/Gen 15 2 142.95% 2.34% 20.34*
Env/Gen 16 2 477.29% 14.25% 24.62*
Env/Gen 17 2 227.38* 111.63% 34.21*
s P S S

JKonornyeckana ctabunbHocTb 606a osouHoro (Vicia faba L.) 2019
B YC/TOBUAX OPraHM4eCckoro Xo3ancrea 23.8
Seeds Pod Pod 100 seeds Seed
number lenght width mass weight
2926.02% 113.83% 1.20 35356.36°  9731.29%
28938* ........... 1 772* ............. o 24 ................. 2 29223* ......... 3 1092* .........
263.85% 3.18%%* 0.08 709.42% 239.80%
420.45% 9.69% 0.14 2747.48% 848.94*
58.24% 1.30 0.13 5874.38% 608.41%
273.06* 2.65% 0.05 452.619% 343.72%
136.60% 6.28** 0.10 3476.60% 446.80*
149.73* 1.78 0.01 3253.31% 436.17*
70.98% 9.37%** 0.16 4837.00* 831.81%
419.25% 2.57% 0.04 597.64* 59.35*
60013* ........... 1701* ............. (.). 19 ................. 2 2516*45560* .........
61076* ........... 2 38 ................. 0 11 .................. 2 9567* ........... 5 6318* .........
376.83% 15.97% 0.18 2068.95% 694.54*
26696* ........... 1 748* ............. 0 05 ................. 1 28591 T 7 9475* .........
3651* ............. : 4 0 ................. 0 43 ................. 1 20942* ......... 9 313* ...........
3.46™* 7.83%% 0.21 3452.99% 383.41%
306.33% 14.00% 0.22 3273.78% 1014.93%
2023.68% 17.02% 0.08 3474.64% 2971.63%
710.91% 14.30% 0.17 2949.75% 1652.84*
658.21* 16.51% 0.01 5105.18* 1505.32%
446.05% 16.83% 033 4874.15* 1576.42*

Note: Genotypes: 1,Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.
*Significant at p < 0.1; ** p < 0.05; *** p < 0.01.

Evaluation of stability

The influence of environmental conditions on the trait forma-
tion was expressed by the values of the stability parameters
calculated by the different methods (Table 2 and Table 3).
Regarding the plant height, when comparing the accessions,
it was found that the FbH 13 and FbH 16 (79 cm) had the
greatest height, followed by Fb 3270 and BGE 043776 (78 cm)
(Fig. 1). For the experimental conditions, BGP and FbH 15
were the most stable. They were characterized by very low
values of bi (bi=0.24; bi=0.31), as in FbH 15, the value of
SiZ was considerably lower (Si2 = 43.97).

The accessions Fb1896, Fb 1929, BGE 046721 and FbH 14
were distinguished by mean stability for bi (bi = 0.86-0.95)
and low variance. From the highest plant accessions, particu-
lar attention should be paid to FbH 16 and FbH 13, which
were definitely stable (bi = 0.76; bi = 0.79) and weakly af-
fected by the environmental conditions, unlike Fb 3270 and
BGE 043776, whose plants were also high but they exhibited
strong variability. According to the values of the regression
coefficient, BGE 002106, BGE 029055, Fb 2481 and Fb 2486
were stable, with height below the average for the group of
tested accessions, and BGE 032012 and BGE 041470 exhi-

bited plasticity with respect to this trait due to its high value
(bi=1.18-1.32).

The trait of 1st pod height had high values in FbH 16,
Fb 2481 and FbH 13, followed by Fb 1929 and BGE 046721.
According to stability data, FbH 16 exhibited high stabil-
ity (bi = 0.06; 6>= 4.17, W; = 103.31), while Fb 2481 and
Fb 1929 (considering the coefficient of linear regression bi
as well as the parameter PP) were characterized by very
well-expressed responsiveness (bi > 1; PP = 33.65-36.85).
Similarly was the behavior of Fb 1896, Fb 1903, Fb 2486,
Fb 3270, BGE 032012, BGE 041470 and BGE 043776, but
they set their 1st pods at a relatively lower height. Plants of
FbH 13 formed their first pods highly and, according to most
stability parameters, showed very low variability.

The largest number (15) of pods per plant was obtained
from accessions BGE 029055 and FbH 14 (see Fig. 1). The
following positions were occupied by Fb 2486, BGE 043776,
BGP (12 pods per plant). According to the stability data of the
considered trait (see Table 2), all parameters defined FbH 14
as unstable. It is notable that accessions that formed a larger
number of pods (11-15) were highly variable and responsive
to improvement in growing conditions. An exception was
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Table 2. Parameters of phenotypic stability in broad bean accessions regarding main quantitative traits

Accessions bi Si? ‘ a;

i i
Eberhart, Russell, 1966 Tai, 1979 Shukla, 1972 | Plaisted, Wricke, 1965 | Annicchiarico,
Peterson, 1979 1992
Plant height
Fb 1896 0.86** 24.51%* 0.8669 39.6022 14.69 38.9799 101.3134 96.6814
Fb 1903 1.06 184.23** 1.0578 294.1470 936.34 79.4805 558.7322 91.1648
Fb 1929 0.93 52.96™* 0.9291 84.9413 39.15 44.8390 167.4867 91.5588
Fb 2481 1.09 100.43%* 1.0916 160.6005 142.12 57.8982 314.9792 91.9984
Fb 2486 1.09 3.10** 1.0899 5.4691 71.45 32.0026 22,5111 86.7744
Fb 3270 1.94%* 116.75%* 1.9450 186.5475 -8.33 180.6308 1701.1350 88.8600
BGE 002106 1.08 14.99%* 1.0789 24.4243 38.59 34.9145 55.3980 84.1335
BGE 029055 1.10% 14.60** 1.1085 23.7940 351.60 35.5501 62.5767 90.7561
BGE 032012 1.32%* 0.74 1.3240 1.7015 47.84 443418 161.8715 93.4103
BGE 041470 1.18** 8.91** 1.1838 14.7143 54.03 36.9819 78.7482 90.5619
BGE 043776 1.35%* 0.27 1.3512 0.9337 245.44 46.6715 188.1837 102.2922
BGE 046721 0.95 12.36** 0.9498 20.2371 205.40 33.7193 41.9000 97.6550
FbH 13 0.76™* 20.34** 0.7619 32.9499 46.44 43.0864 147.6932 104.3693
FbH 14 0.90% 31.41%% 0.9003 50.6029 23.40 39.7729 110.2691 95.6382
FbH 15 0.31% 43.97%* 0.3181 70.6230 19.58 104.0226 835.9135 88.7764
FbH 16 0.79%* 0.03 0.7946 0.0476 118.85 35.6631 63.8529 105.7174
BGP 0.24** 119.96** 0.2491 191.7374 0.33 137.4324 1213.2480 90.0438
1st pod height
Fb 1896 1.29 15.77%* 1.2928 25.6599 24.01 16.5806 55.2583 86.9871
Fb 1903 1.92%* 4.24%* 1.9224 7.2371 186.74 19.0091 82.6858 89.5109
Fb 1929 1.50% 75.50™* 1.5045 120.8449 203.76 33.6578 248.1301 97.6634
Fb 2481 2.24%* 52.64** 2.2437 84.3306 25.86 36.8590 284.2840 100.6840
Fb 2486 1.58%* 4.93%* 1.5823 8.3652 32.82 15.5190 43.2677 72.4388
Fb 3270 3.25%* 57.62%* 3.2526 92.0538 7.25 63.4964 585.1307 83.5793
BGE 002106 0.23%* 0.69 0.2262 1.5986 70.32 16.2578 51.6120 81.6485
BGE 029055 0.26** 4.01** 0.2658 6.8280 110.24 24.3403 142.8964 63.9726
BGE 032012 1.22 13.71%* 1.2223 22.3807 47.56 15.7731 46.1379 95.1409
BGE 041470 1.26 12.67%* 1.2577 20.7200 6.71 15.6185 44.3912 76.0487
BGE 043776 1.32 0.33 1.3196 0.0067 0.67 12.4233 8.3049 91.5196
BGE 046721 0.78 12.80%* 0.7802 20.9221 3.97 15.5222 43.3041 105.1743
FbH 13 1.08 0.32 1.0838 0.0164 161.84 11.7412 0.6005 115.3304
FbH 14 0.18** 6.39"% 0.1811 10.6762 13.94 18.2874 74.5346 101.0185
FbH 15 0.23 0.23 0.2309 0.1270 36.65 15.9604 48.2529 98.1128
FbH 16 0.06™* 0.81 0.5578 1.6707 417 29.4062 200.1110 103.3181
BGP 0.07** 72.05%* 0.2763 115.2605 66.35 42.6060 349.1913 79.2728
Pods number
Fb 1896 1.13 0.74 1.1336 1.7139 11.73 3.9314 3.8258 99.3485
Fb 1903 0.58 17.32%* 0.5807 28.1234 28.86 8.8026 58.8420 70.7805
Fb 1929 1.19 0.21 1.1884 0.1928 28.67 3.7303 1.5543 67.0757
Fb 2481 1.14 0.50 1.1430 1.3265 1.64 3.8745 3.1832 82,9719
Fb 2486 0.99 0.35 0.9874 1.0895 228.57 3.7748 2.0565 109.5617
Fb 3270 0.07** 1.51% 0.7752 2.7405 14.35 13.4150 110.9343 72.4880
BGE 002106 0.98 2.30%* 0.9812 4.2002 21.31 4.2938 7.9188 84.8447
BGE 029055 127 1.19% 1.2739 24223 0.55 42193 7.0777 131.0650
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Table 2 (continued)
Accessions bi Si2 ‘ a; N ‘ o? ‘ PP W2 ‘ W,

‘ Eberhart, Russell, 1966 ‘ Tai, 1979 ‘ Shukla, 1972 ‘ Plaisted, ‘ Wricke, 1965 ‘ Annicchiarico,

Peterson, 1979 1992
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Table 2 (end)

Ecological stability of broad bean (Vicia faba L.)
in organic farming conditions

Accessions ‘ bi Si? ‘ 3; N

BGE 029055, in which most of the stability parameters char-
acterized it as relatively stable.

With respect to the number of seeds per plant, BGE 029055,
BGP and FbH 14 can be distinguished, which formed 35—
41 seeds per plant. As in the previous trait, and in this one,
accessions with an increased number of seeds showed clearly
pronounced instability. However, the values of the parame-
ters Si? and PP gave reason to consider that BGE 029055

986

Shukla, 1972 | Plaisted,
Peterson, 1979

Wricke, 1965 | Annicchiarico,
1992

(Si2 = 9.85; PP = 68.89) and BGP (Si>= 14.03; PP = 57.37)
had a breeding value. They had a high adaptive ability, which
in conditions above the averages, could provide them with a
high realization of the number of seeds per plant. Accessions
Fb 2486 and BGE 046721 were determined as very stable,
with the coefficient of linear regression significantly smaller
than 1, parameter W; close to 100 and number of seeds above
the average for the group of tested accessions. Their low adap-
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Table 3. Rank-parameter (Si,) of the studied traits according to the model of Huehn (19903, b)

Accessions Plant height 1st pod height Pods number  Seeds number Pod lenght 100 seeds mass  Seed weight

MMM mMm i@ @ @ @ . m .e: m:Mm:m:im:m:m:

Note: Si, = 1: better performance; Si, = 17: worst performance.
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Fig. 1. Main quantitative traits in broad bean accessions (2016-2018).

B Plant height
B 1st pod height

W Seed weight
W 100 seeds mass

B Pods number Pod length
B Seeds number m Pod width
A9 A10 A1 A12 A13 A14 A15 Al6 A17

Accessions: 1, Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.

tive ability implied that they were not suitable for growing at
a high level of agro-technology, but they can exhibit well in
unfavorable environmental conditions.

Because of the lack of significance in the stability para-
meters of Eberhart and Russell (1966) regarding the trait of
pod length for all accessions, the complex evaluation of eco-
logical stability was made on the basis of the remaining pa-
rameters. According to the parameter values based on variance
analysis and nonparametric method of Huehn (1990a, b),
Fb 1903 and BGE 029055 outlined as the most stable, although
they were one of the accessions with the shortest pods (see
Table 3). A breeding compromise between the value of the trait

and its stability (according to the indicator 62) can be found
in BGE 046721 (c? = 18.4) and BGE 032012 (52 = 10.04).
The ambiguous assessments according to the different types
of parameters show that longer-term researches are needed to
determine the environmental sustainability of this trait.

In terms of 100 seeds mass, Fb 1896 (105.48 g), Fb 1903
(102.34 g) and BGE 041470 (101.38 g) were clearly pro-
nounced favorites, characterized by a high value of the trait
(see Fig. 1). A comparison of the three types of stability
parameters showed that Fb 1896 was unstable and largely
variable (see Table 2). Its reaction to the environment is highly
predictable. It is suitable for growing in favorable environ-
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mental conditions. If conditions deteriorate, it can give way
to the other accessions and to form seeds with smaller mass.
Accession Fb 1903 also had a high mass of 100 seeds, but its
coefficient of linear regression bi was less than 1, so it can
be defined as stable.

BGE 041470 was characterized by the fact that the coef-
ficient bi (bi = 0.73) was closer to 1 (compared to Fb 1903),
which determined it as closest to the “ideal” genotype for this
trait. The stability parameters of Plaisted and Peterson (1979)
and Annicchiarico (1992) confirmed the evaluation according
to Eberhart and Russell (1966) and Tai (1979). This accession
is of interest from a breeding point of view, combining a high
mass of 100 seeds with ecological stability. It is suitable for
growing in a wide range of environmental conditions.

Table 2 also presents data on the stability parameters of the
seed weight per plant. FbH 14, FbH 16, Fb H 15 and BGP
had high values of the regression coefficient (bi > 1.5), which
determined them as unstable. With close average productivity
(see Fig. 1) and similar values for bi (bi = 1.10-1.15) were
accessions FbH 13 and BGE 032012. More plastic, i.e. more
responsive to favorable growing conditions was FbH 13.
Plants of BGE 041470 formed seeds with relatively large mass
and were characterized by a coefficient of linear regression
slightly above 1. Because of these characteristics, this acces-
sion was of interest from a breeding point of view.

Accessions Fb 1896, Fb 1929, Fb 2481, Fb 2486, BGE
002106 and BGE 029055 had coefficients close to 1, but
they were distinguished by low productivity. Fb 1903 and
BGE 043776 were stable under changing environmental
conditions, with regression coefficient values of bi = 0.45
and bi = 0.30, respectively. In addition, BGE 043776 was also
characterized by a low variance, i.e. its empirical values ap-
proximate to the theoretical ones. The most stable (bi =0.05),
but with the lowest value of the considered trait was Fb 3270.

GGE biplot analysis

The differences in stability of the accessions and their adapt-
ability to the environment are presented in a two-dimensional
coordinate system (Fig. 2). The axial axis shows the main
effects (environment and genotype), and the ordinate axis —
the effects of their interaction (PC1 or PC2). On the vertices
of the polygon are situated the accessions, which are furthest
from the center. All accessions fall into this polygon. The lines
separating the polygon of sectors represent a set of hypotheti-
cal environments. The accession, forming the polygon angle
for each sector, has the highest value regarding the studied
trait for the environment that falls within this sector.

In terms of the plant height, from the location of the acces-
sions and environments (years), it is obvious that there is vari-
ability due to the influence of the environment and especially
the climatic difference between the second (2017) and third
(2018) experimental years. This result is in full compliance
with the data from the variance analysis (see Table 1). The
accessions, whose projections on the ordinate were close to
the origin of the coordinate system, were stable and very
weakly interact with the environment. These were Fb 1896,
Fb 3270, BGE 002106, Fb 1929, BGP, FbH 15. By contrast,
accessions Fb 1903 and BGE 043776 were the most distant
therefore they were characterized by a specific reaction to the
environment and low adaptation.

288
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The result regarding the 1st pod height indicated that the
first two components (PC1 and PC2) determined 90.3 % of
the total variation of the trait as a result of GE interaction. The
vertices of the polygon were occupied by Fb 1929, Fb 1903,
BGE 002106, BGP, FbH 13, FbH 14 and FbH 15. Acces-
sions FbH 16, BGE 043776 and BGE 002106 exhibited their
biological potential the best during the third year. They were
among the genotypes with the greatest environmental stabili-
ty. Fb 2486, Fb 3270 and BGE 041470 developed relatively
well in the first and second years. The location of the first year
(closer to the center of the coordinate system) determined it as
the most suitable environment for the broad bean development
with respect to the considered trait.

The accessions, which were characterized by a number
of pods above the average, had positive values of the first
principal component (PC1 > 0) and a value of PC2, tending
to zero, were suitable for growing in different environments.
In this trait, the accessions reacted differently to changing
environmental conditions. In the most favorable position were
those located in the quadrant, limited by the positive part of the
abscissa (PC1) and the ordinate (PC2). From the accessions
with a larger number of pods (FbH 14, BGP and BGE 029055),
BGE 029055 can be preferred because of its lower variability.
Fb 1903 and Fb 3270 were in the group of stable genotypes,
however, they formed relatively few pods (10). A considerable
part of the accessions had high (positive or negative) values of
PC2, so they can be identified as having specific adaptability
to the environment.

The graphical analysis of the stability in terms of the number
of seeds per plant gave an analogous assessment obtained from
the stability parameters. BGE 029055, BGP and FbH 14 had
an increased number of seeds and occupied an extreme right
position of the coordinate system, which determined them as
the most productive and at the same time the most variable.
Accessions Fb 1896 and Fb 1929 were one of the lowest pro-
ductive, and their location close to the center of the coordinate
system suggests a slight influence of the environment on the
trait manifestation. In close proximity to them, with almost the
same stability, were accessions Fb 2486 and BGE 046721. In
breeding terms, they were more valuable because they formed
a larger number of seeds.

GGE biplot analysis regarding 100 seeds mass showed that
Fb 1929, BGE 032012 and BGE 043776 were located close
to the origin of the coordinate system. They had low values
on PC2 and PC1. This placement defined them as very stable,
but they had a small mass of 100 seeds. BGE 041470 also
had a small projection on PC2, but it was with a much higher
value on the axial axis due to its larger mass of 100 seeds.
Accessions Fb 1896 and Fb 1903 were distinguished with a
high mass of 100 seeds and specific adaptability.

With regard to the trait of seed weight per plant, the first
position was occupied by BGE 041470, characterized by a
very good combination between stability and level of the
trait. Accessions Fb 2486, FbH 16, FbH 14, Fb 1896 and
BGE 029055 were distinguished by relatively good produc-
tivity and stability, and can be recommended as suitable for
growing conditions. The most pronounced variability of the
considered trait had FbH 13 and FbH 15, and BGE 032012
was characterized by the best stability but with very low
productivity.
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Fig. 2. GGE biplot analysis regarding the studied traits in broad bean accessions.
Accessions: 1, Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.

In Figure 3, a, the X axis (or the line of the average yield of
the broad bean accessions) passes through the beginning of the
coordinate system with an arrow indicating the positive end of
the axis. The axis Y of the coordinate system (axis of stability)
also passes through the beginning of the coordinate system
perpendicular to the X axis. Thus, the average yield of the
accessions can be estimated from the projection of their mark-
ers along the X axis, and the stability — from the projection

along the Y axis. Accessions FbH 14, BGE 041470, Fb 2486
had the highest average yield, and Fb 3270, BGE 043776,
Fb 2481 and Fb 1929 — the lowest one. The yield in FbH 14,
BGE 041470, BGE 029055, Fb 1896 and Fb 1929 was the
most variable, whereas Fb 2481, FbH 16 and BGE 046721
were distinguished with high stability.

The graphical analysis also enables to be determined ac-
cessions that combine high yield and stability. The center of
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Fig. 3. GGE biplot analysis regarding seed yield in broad bean accessions.
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Accessions: 1, Fb1896; 2, Fb1903; 3, Fb 1929; 4, Fb 2481; 5, Fb 2486; 6, Fb 3270; 7, BGE 002106; 8, BGE 029055; 9, BGE 032012; 10, BGE 041470; 11, BGE 043776;

12, BGE 046721; 13, FbH 13; 14, FbH 14; 15, FbH 15; 16, FbH 16; 17, BGP.

Table 4. Correlation coefficients between stability parameters and seed weight per plant in broad bean accessions

Parameter bi Si? a; N o? PP w2 2 Si,
s S
al ......................................... S L
}\I ......................................... T L
s P e S i
o P e L
e T e s i
. WI ........................................ S S S S S L
o 2 ....................................... S PRI S s i
o We|ght per p R P e S S S S S

Note: bi, Si2 - Eberhart and Russell (1966); a;, \; - Tai (1979); 62 - Shukla (1972); PP - Plaisted and Peterson (1979); W2 - Wricke (1965); W; - Annicchiarico (1992);

Si; —Huehn (19904, b). Significant at ** p < 0.01, * p <0.05.

the concentric circles (Fig. 3, b) presents the position of the
“ideal” genotype, which is defined by the projection of the
environment axis determined by the longest vector of geno-
types with yield above the average and lower projection of the
perpendicular line (low variability in all environments). More
preferred is this one, which is closer to the “ideal” genotype.
In our study, BGE 046721, BGE 032012, FbH 13, Fb 1903,
FbH 15 and FbH 16 were located closer to the center of the
concentric circles, so they can be defined as close to the ideal
type with regard to the magnitude and variability of seed yield
compared to the rest accessions.

Correlation analysis

The results of the correlation dependences between seed
weight per plant and the stability parameters were presented in
Table 4. The average productivity of the accessions positively,
strongly and significant correlated with the parameters bi
(r=10.530) and a; (R = 0.530). For the remaining parameters

9290

(especially PP, W2 and Si?), the correlation was also positive
but statistically insignificant and weaker.

The coefficient of regression bi interacted positively with
the other parameters, especially with the parameter a; (r =
=0.990). The parameter Si? (Eberhart, Russel, 1966) was in
positive dependence with A; ( = 0.99), PP (» = 0.769) and
W2 (r = 0.769). Strong positive correlations at a high level
of statistical significance were found between W2 and the
parameters A; (» = 0.769) and PP (» = 0.990).

The only negative correlations were established between
the parameter Si, (Huehn, 1990a, b) and Si2 (Eberhart, Russel,
1966) (r =—-0.299) and W; (r =—0.371), as well as between
W; and respectively PP ( = —0.395) and W2 (» = —0.395).

Discussion

According to (Ilchovska, 2008), for a more objective assess-
ment of the genotype-environment interaction, the studied
cultivars (genotypes) should be studied in a wider range of en-
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vironmental conditions. Some researchers (Yan, Tinker, 2006;
Farshadfar et al., 2011) considered that in order to monitor
the model of interaction between genotype and environment,
and to better interpret the results, it is appropriate to use the
biplot analysis. This polygonal graphic model represented the
behavior and the interaction of genotypes in different environ-
ments, the differentiation of environment and also the specific
environment for each of the genotypes studied.

The data obtained in this study regarding the interaction of
genotype and environment confirmed the results of researches
in other crops. In spring vetch, Sayar (2017) found that the
factor ‘environment’ had the greatest impact on the yield,
followed by the GE interaction and the factor ‘genotype’.
The presence of a considerable share of the factor ‘environ-
ment’ on the manifestation of main quantitative traits was
reported by Tilahun et al. (2015) and Kanouni et al. (2015) in
chickpeas, and by Sayar and Han (2016) in peas. Mortazavian
et al. (2014) expressed an opinion that the stability analysis
of the traits acquires important meaning when the effect of
GE interaction is considerable.

The results of the correlation analysis of the data in our
study were in support of the conclusions reached by other
authors (Paula et al., 2014; Bornhofen et al., 2017) regarding
the presence of positive relationships between the stability
parameters and some main quantitative characteristics. Ac-
cording to Annicchiarico (2002), one of the possible expla-
nations of this fact is that these methods (to determine the
parameters mentioned) are related to the concept of static
stability, which is obtained independently of the average
expression of a given trait. The choice (made by these me-
thods) may lead to the selection of stable but not necessarily
productive genotypes.

Cargnelutti et al. (2009) concluded that the significant
positive relationships between the parameters of the different
methods showed that, in terms of stability, genotypes were
evaluated in a similar way. The authors stated that the me-
thods can provide much information and that only one method
for stability evaluation would be sufficient to select the best
genotypes. However, even in a strong relationship between
the methods, the genotype position could be different in the
different methods.

According to Balashova et al. (2013), one of the main tasks
in the breeding of leguminous crops, including broad bean,
was the seed yield stabilization. The authors considered that
this problem can be solved by changing the idiotype of plants.
According to them, one of the reasons for reducing the grain
yield was the excessive increase in height and the lodging of
plants. This was due to the fact that cultivars continue their
vegetative growth after the formation of reproductive organs,
especially in humid climatic conditions. For this reason,
breeders’ efforts should be directed to changing the plant habi-
tus and development of highly productive determinant forms.

Conclusions

The results of the variance analysis in 17 broad bean acces-
sions showed a significant genotype x environment interaction
for all quantitative traits (excluding pod width). The factor
environment had the greatest impact on the phenotypic mani-
festation of the traits, followed by the factors genotype and
genotype X environment interaction.
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In terms of plant height and Ist pod height, accessions
FbH 16 and FbH 13 can be determined as high (79 cm, 35 cm)
and ecologically stable (bi = 0.76, bi = 0.79). BGE 029055
was low variable, with high values of the number of pods (15)
and seeds (41) per plant.

Accessions FbH 14, FbH 16, FbH 15 and BGP were distin-
guished by high seed weight per plant (from 28.36 to 34.93 g),
but they exhibited instability (bi > 1) under unfavorable en-
vironmental conditions. In contrast, Fb 1903, BGE 043776
and Fb 3270 were very stable (bi < 1) but low-productive.
Intermediate positions occupied accessions Fb 1896, Fb 1929,
Fb 2481, Fb 2486, BGE 002106 and BGE 029055, which had
the coefficient of linear regression close to 1, but they were
also low-productive. Interesting from a breeding view point
was BGE 041470, which is characterized by high values of
100 seeds mass (101.38 g) and seed weight per plant (32.14 g),
as well as with relative stability (bi = 1.10).

GGE biplot analysis determined accessions BGE 046721,
BGE 032012, FbH 15 and FbH 16 as a promising breeding
material combining high and stable seed yield.
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