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Abstract - Variations in phenotypic traits are important for onion genetic improvement. The aim of this study was to identify
the phenotypic traits of temporary genetic resources and the best accessions for the development of onion breeding
programs. Sixteen phenotypic traits of 79 onion accessions were studied. The descriptive statistics of phenotypic traits
exhibited a high variation in onion accessions. Among the 79 evaluated accessions, 64.55% had a large bulb neck width and
44.30% had a circular bulb shape. Principal component analysis showed that six principal components (PCs) accounted for
72.65% of the total variation. The main factors contributing to PC1 were bulb weight, equatorial and bulb polar diameters,
plant height, and degree of splitting into bulblets, whereas those contributing to PC2 were the bulb color of the epidermal
cells of the fleshy scales and color of the dry skin on the bulb. The accessions were classified into three groups—clusters 1,
2, and 3. Cluster 2 accessions were the most suitable for selecting large and circular bulb-shaped onion cultivars. The
phenotypic variation observed in this study may help to select potential accessions for breeding new onion cultivars.
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Introduction

Onions (4/lium cepa L.) are one of the most widely grown
vegetables worldwide (FAOSTAT, 2022). Southwest Asia is
the gene center for onions (Bagci et al., 2021; Gokce, 2022),
and the Mediterranean region is the secondary center of origin
(Castell and Portas, 1994). The economic importance of onion
is based on their culinary use, nutritional value, and health
benefits (Benkeblia, 2005). Despite the importance of onions,
research on their genetic improvement is limited compared to
that of other major vegetables (McCallum et al., 2008). One
reason might be improper genetic resource identification (Cross,
1998). Normally, variety improvement depends on the genetic
variability of the germplasm (Mallor et al., 2014; Mallor
Gimenez et al., 2011; Manjunathagowda, 2022). Exploration
of new onion genetic resources and their characterization and

exploitation have been hampered by out-breeding and biennial
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growth habits (McCallum, 2007).

Short and intermediate-day onion cultivars were first intro-
duced in the southern parts of Korea in the 1950s and are
currently predominantly grown in Korea. Intermediate-day
onion cultivars are widely grown in southern South Korea. In
2022, onions were cultivated across 17,655 ha with a total
production of 1.2 million tonnes, but production is decreasing
(Korea Agro-Fisheries and Food Trade Corporation, 2022).
In Korea, the low seed self-sufficiency rate (~30%) and high
seedling costs (~18% of the production costs) have increased
the financial burden on onion growers. By 2022, ~1, 800 onion
cultivars were registered for production, import, and distri-
bution and most of the cultivated varieties were F, hybrids
(Korea Seed Association, 2022). Most F; hybrids are imported
from Japanese seed companies, although the origin of these
cultivars has not yet been identified (Lee ez al., 2020). Currently,
farmers typically grow onion cultivars that are recommended
by seed distributors or obtained from neighboring onion
growers rather than from formalized seed distribution schemes.

F; hybrid varieties have a narrow genetic base and can replace

(©) 2023 by The Plant Resources Society of Korea

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Korean J. Plant Res. 36(3) : 237~255 (2023)

old domestic varieties that contain potential adaptive genes.
Therefore, the evaluation of novel onion genetic resources is
important for selecting better traits and enhancing the
competitiveness of domestic cultivars in Korea.

Variety improvement and hybrid breeding depend on the
genetic variability and diversity of the germplasm (Manju-
nathagowda, 2022; Ojuederie ef al., 2014). Knowledge of the
genetic variation present in the gene pool of onions is impor-
tant for breeders, and helps them to select genotypes based on
their distinctiveness for variety development (Dangi et al.,
2018; Manjunathagowda and Selvakumar, 2021). A selection
of genetically diverse parents is necessary for successful
recombination in breeding programs (Akter et al., 2015).

Plant genetic materials adapt to a region over time and
substantial changes occur in their genetic structures because
of environmental conditions. Therefore, studying morphological
variation and phenotypic diversity is important for breeding
programs (Yuguda et al., 2017). Many researchers (Azimi et
al., 2020; Bagci et al., 2022; Lee et al., 1996; Mallor Gimenez
et al.,2011; Mousavizadeh et al., 2006; Sunil et al., 2014) in
different countries have performed studies to collect, charac-
terize, and determine the phenotypic diversity of onion genetic
resources. They reported high levels of morphological vari-
ation in the bolting rate, bulb diameter, bulb shape index, bulb
weight, bulb shape and base color of the dry skin in onion
accessions.

The Allium Vegetable Research Institute (AVRI) has mandated
research on breeding new cultivars of onion, garlic, and green
onion as well as increasing the self-sufficiency rate of domestic
cultivars. Both the AVRI and the National Agrobiodiversity
Center (NAC) have conducted research on the regeneration
and trait identification of temporary onion genetic resources.
Furthermore, these germplasms must be characterized to remove
redundant accessions and to identify genetically distinct acce-
ssions for onion breeding programs. This study will help in
generating information for creating a database for this purpose.
Morphological characterization is the first step in the desc-
ription and classification of genetic resources (Smith and
Smith, 1989). The analysis of germplasm morphological traits
provides useful information to breeders for preliminary eva-
luation and determination of the diversity status (Asare et al.,
2011). Previous researchers (Lee et al., 1996; 2020) evaluated

onion cultivars and their classification using multivariate
analysis. Multivariate analysis was also used to study mor-
phological diversity and other relationships among garlic
germplasm (Lee et al., 2021). For selective breeding, know-
ledge of the association between the bulb yield and charac-
teristics contributing to yield is crucial (Arya et al., 2017).
Knowledge of the correlations among different characte-
ristics and their relative contributions to the yield is useful for
selecting multiple traits (Arya et al., 2017). Principal com-
ponent analysis (PCA), a multivariate method, can be used to
reveal important traits for genotype differentiation. Using
PCA, breeders can understand the impact and associations
among different traits of genotypes (Kovacic, 1994). Fur-
thermore, cluster analysis can be used to select potential geno-
types for breeding and commercial onion production. Charac-
terizing the onion germplasm is essential for developing new
cultivars using existing genetic variability. Therefore, the aim
of this study was to identify the phenotypic traits of temporary
genetic resources and find the best accessions for their use in

the development of onion breeding programs.

Materials and Methods

Study Site and Plant Materials

This study was conducted at the AVRI research field, Muan-
Gun (34° 59'25.63 44" N, 126° 28' 54.0696" E, 31.48 meters
above sea level), Jeollanam-Do, Republic of Korea from
September 2020 to June 2021. The study site is characterized
by a humid subtropical climate; it receives 1,000-1,800 mm of
precipitation annually (Korea Meteorolgical Administration,
2021). The soil type at the site is clay, with a pH value ranging
from 5.5 to 7.2 (http://soil.rda.go.kr). The seeds of 79 onions
(Allium cepa L.) were obtained from the National Agrobio-
diversity Center of Jeonju, Korea (Appendix 1). Plug trays
containing 338 cells (26 x 13 cells; FAMWIN, Bumong Co.
Ltd., Jeong-eup, Korea) were filled with a commercial growing
medium (Plantworld, Nongwoobio Co. Ltd., Suwon, Korea)
and 50 seeds from each germplasm were sown in September
9, 2020. Cattle manure compost (20 mg ha™") and pre-plant
fertilizers (80 kg ha N as urea, 33.6 kg ha™" of P,Os as fused
phosphate, and 58 kg ha” K,O as potassium sulphate) were

applied to the plots according to the fertilizer recommendation
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of the Rural Development Administration (RDA, 2010).
Terbufos and fosthiazate were applied as pesticides to reduce
maggot and nematode damage. The planting bed was prepared
at a center-to-center distance of 1.50 m with a 1.0 m bed width
and 0.20 m height. Alchlor (43.7%) and pendimethalin (31.7%)
were sprayed on the bed. Subsequently, on November 11,
2020, black plastic was mulched on the bed, and an average of
25-30 seedlings of each accession were transplanted into the
plot, each with a plant geometry of 20 ¢cm % 10 cm. We followed
the recommended cultivation practices for onions outlined by
the RDA.

Phenotypic Characterization

Nine quantitative traits (bolting rate, plant height, polar and
equatorial bulb diameters, bulb shape index (BSI), bulb
weight, degree of splitting into bulblets, bulb neck width, and
bulb size) and seven qualitative traits (leaf color, foliage
attitude, foliage waxiness, bulb shape at root end, base color
of dry skin in bulb, bulb shape, and color of the epidermis of
fleshy scales at the bulb) were selected using modified de-
scriptors of the International Union for the Protection of New
Varieties of Plants (UPOV, 2008), and reference descriptors of
Allium spp. (IPGRI, 2001). Quantitative measurements for
each trait were performed on ten random samples and averaged.
Qualitative characteristics were recorded from plant and bulb
observations in the field. The detailed quantitative and qua-
litative traits and measurement methods are provided in

Appendix 2.

Statistical Analysis

Quantitative and qualitative data were subjected to desc-
riptive statistics using SPSS Statistics (version 20.0; SPSS
Inc., Chicago, IL, USA). Frequency statistics were also used
to analyze 16 phenotypic traits of the 79 accessions. Pearson
correlation coefficients were calculated for the nine quantitative
traits, and principal components analysis (PCA) and agglo-
merative hierarchical cluster analysis were performed for all
16 phenotypic traits using the XLSTAT software (Addinsoft,

Paris, France).

Results

Quantitative Traits

Descriptive statistics for nine quantitative traits of the 79
accessions and their variations are presented in Table 1. The
full dataset for the nine quantitative traits is presented in
Appendix 3. The bolting rate varied from 0.0% to 80.0%, with
an average value of 7.5%. The plant height ranged from 37.9
to 91.2 cm, with an average of 68.6 cm. The average polar bulb
diameter was 6.0 cm, ranging from 3.4 to 9.0 cm. The equatorial
bulb diameter ranged from 3.7 to 9.5 c¢m, with an average of
6.9 cm. The BSI varied from 0.5 to 1.4, with an average value
0f 0.9. The maximum and minimum bulb weights were 368.4
and 38.5 g, respectively, with an average of 173.2 g. The
degree of splitting into bulblets ranged from 0.0% to 100%,
with an average of 28.0%. The coefficient of variation ranged
from 16.3% (low) for the plant height to 230.1% (high) for

Table 1. Phenotypic variation of quantitative traits in the 79 onion germplasms evaluated at Muan-Gun, Jeolla-Do, Korea, from 2020-

2021
Quantitative traits Maximum Minimum Mean SD (&) CV (%)

Bolting rate (%) 80.0 0.0 7.5 17.3 230.1
Plant height (cm) 92.1 37.9 63.6 11.2 16.3
Polar bulb diameter (cm) 9.0 34 6.0 14 232
Equatorial bulb diameter (cm) 9.5 3.7 6.9 1.5 21.5
Bulb shape index 1.4 0.5 0.9 0.2 19.3
Bulb weight (g) 368.4 38.5 173.2 87.9 50.7
Degree of splitting into bulblets (%) 100.0 0.0 28.0 39.7 141.7
Bulb neck width (3-7) 7.0 3.0 6.1 1.5 24.0
Bulb size (3-7) 7.0 3.0 4.9 1.7 33.9

“SD, standard deviation; *CV; coefficient of variation.
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the bolting rate, followed by the degree of splitting into
bulblets (141.7%) and bulb weight (50.7%). Bulb width of
neck and bulb size showed 24.0% and 33.9% variation,
respectively.

The frequency distribution of the nine quantitative traits
among the onion accessions is shown in Fig. 1. Among the 79
accessions, 61 did not bolt (Fig. 1A). The plant height ranging
from 61.0-80.0 cm had the highest number of accessions (50;
Fig. 1B). The bulb polar diameters ranging from 3.6 to 7.0 cm
contained the highest number of accessions (55; Fig. 1C). The
bulb equatorial diameter ranging from 5.6 to 7.0 cm had the
highest number of accessions (28), followed by 22 accessions
within the range of 7.1 to 8.5 cm (Fig. 1D). The BSI ranging
from 0.8 to 0.9 contained the highest number of accessions
(33), followed by 26 accessions within were in the range of
0.10 to 0.11 cm (Fig. 1E). The bulb weight ranging from

101.0-150.0 g had the highest number of accessions (19),
followed by the range of 151.0t0 200.0 g (16 accessions; Fig.
1F). Regarding the degree of splitting into bulblets, the highest
number of accessions (42) were observed for non-splitting
types. The degree of splitting into bulb-lets ranged from
81.0% to 100.0% in 15 accessions (Fig. 1G) and the highest
number of accessions (51) had a large bulb neck width (Fig.
1H). The highest number of accessions (29) had a small bulb

size, whereas nine accessions had a large bulb size (Fig. 11).

Qualitative Traits

The assessment of the seven qualitative characteristics of 79
accessions is presented in Appendix 4. The seven qualitative
traits exhibited a wide variation among the accessions (Fig.
2). Green leaves were predominantly observed among the

accessions, although they varied in color (Fig. 2A). The
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foliage attitude varied from erect to semi-erect to mixed (Fig.
2B). A broad variability was observed for the foliage waxiness
(Fig. 2C), bulb shape at the root end (Fig. 2D), and color of
the dry skin at the base of the bulb (Fig. 2E). The circular bulb
shape had the highest number of accessions, followed by the
oval shape (Fig. 2F). Most accessions for epidermal flesh

scales were white, followed by red (Fig. 2G).

Correlation Among Quantitative Traits

Pearson correlation coefficients for the nine quantitative
traits are presented in Table 2. Plant height was significantly
(p <0.01) positively correlated with the bulb polar diameter,
bulb equatorial diameter, and bulb weight. Bulb polar diameter
was significantly positively correlated with bulb equatorial
diameter, BSI, and bulb weight, but negatively correlated
with degree of splitting into bulblets (»p < 0.01). Bulb equatorial

diameter was significantly positively correlated with bulb
weight and bulb size (both p <0.01) but negatively correlated
with degree of splitting into bulblets (» <0.01). The bulb weight
was significantly negatively correlated with the degree of
splitting into bulblets, but significantly positively correlated
with the bulb size (both p < 0.01).

Principal Component Analysis (PCA)

PCA was used to calculate the correlations among the 16
phenotypic traits of the 79 onion accessions. PCA showed
that the first six components (PC1 to PC6) accounted for
almost three-quarters of the total variation (Table 3). PC1
accounted for approximately one-quarter of the phenotypic
variance, with bulb weight, bulb equatorial diameter, polar
diameter, and plant height (0.34) being the main contributors.
Bulb color of the epidermal fleshy scales and the color of the

A B & "
35 o 50 45 61
45 60
z 0 = 40 g .
Z 55 = .2 50 4
£ 15 S 35 30 z "
820 16 17 - £ 30 g
ERE g 25 230
S 15 « 20 =
3 °1s S 20 A
s 10 ER S 2 1l ’
=i Z 10 4 10 |
5 1 :
4] 0 0
Bright Green Dark Bluish Mix Erect Semierect Mix Absent Present Mix
green green green Foli L
Foliage attitude OHEgE Waxmess
Leaf color
D E | < F . g
" 30 45 5
- 39 15 35 1
o ;? n 40 £ 30
Z 35 ERva s
g 30 Z 30 S50
§ 25 21 2 25 | 520 1
=20 =20 16 g 15 4 10 1
213 12 215 | S 10 A
£ 7 s 15 3 g =z 3
S 10 Z 10 5 1
5 5 1 0
0 T T T 0 - hY o g .
; 5 & e i
Depressed  Fla Round Mix White Red Brown Others Mix o 03'” bc:"‘ O’s“' bb\\& R
£ :
o
Bulb shape atroot end Bulb: Base color F \bgf‘
G_ of dry skin <&
60 54 Bulb shape
= 50
o8
Z 40
8
330
2 20 16
Z 10 5 7
0
White Red Purple  Mix

Bulb: color of epidermis
fleshy scales

Fig. 2. Frequency distribution of seven qualitative traits among 79 onion germplasms. Tra. med. ellip., transverse medium elliptic; A,
leaf color; B, foliage attitude; C, foliage waxiness; D, bulb shape at root end; E, bulb: base color of dry skin; F, bulb shape; G, bulb:

color of epidermis fleshy scales.

=241 -



Korean J. Plant Res. 36(3) : 237~255 (2023)

Table 2. Correlation coefficients among the nine quantitative traits of the 79 onion germplasms evaluated at Muan-Gun, Jeolla-Do,
Korea, from 2020-2021

Traits BR PHT BPD BED BSI BWT DSB BNW BSZ
BR 1.0 -0.23* -0.22% -0.08 -0.18 -0.16 -0.10 0.04 -0.19
PHT 1.0 0.46%* 0.49%* -0.01 0.48%* -0.15 0.39** 0.31%*
BPD 1.0 0.61%** 0.48%* 0.76%* -0.43%* 0.08 0.27*
BED 1.0 -0.37* 0.92%* -0.52%* 0.01 0.51%*
BSI 1.0 -0.12 0.10 0.11 -0.24*
BWT 1.0 -0.50%* 0.01 0.50%*
DSB 1.0 0.05 -0.29%*
BNW 1.0 0.12
BSZ 1.0

*p < 0.05; **p < 0.01. BR, bolting rate (%); PHT, plant height (cm); BPD, bulb polar diameter (cm); BED, bulb equatorial diameter
(cm); BSI, bulb shape index; BWT, bulb weight (g): DSB, degree of splitting bulblets (%); BNW, bulb: neck width; (3-7); BSZ, bulb
size (3-7).

Table 3. Eigenvector and eigenvalues generated by PCA applied to the 16 morphological characteristics of the 79 onion germplasms
evaluated at Muan-Gun, Jeolla-Do, Korea, from 2020-2021

) Eigenvectors
Morphological characters

PC1 PC2 PC3 PC4 PC5 PC6
Bolting rate -0.08 0.05 -0.38 0.42 0.13 -0.26
Plant height 0.34 0.25 0.11 -0.08 0.15 0.30
Bulb polar diameter 0.37 -0.10 0.40 0.12 0.11 -0.18
Bulb equatorial diameter 0.44 -0.15 -0.14 -0.09 0.20 -0.07
BSI -0.05 0.07 0.64 0.22 -0.09 -0.11
Bulb weight 0.45 -0.16 0.02 -0.06 0.20 -0.13
Degree of splitting into bulblets -0.31 0.22 0.10 -0.10 0.23 0.22
Bulb: width of neck 0.08 0.20 0.06 0.36 0.29 0.62
Bulb size 0.30 -0.12 -0.15 -0.13 -0.01 0.28
Leaf color 0.13 0.22 -0.16 0.31 -0.32 0.24
Foliage attitude 0.06 0.18 -0.08 -0.56 -0.05 -0.01
Foliage waxiness 0.13 0.17 -0.33 0.33 0.22 -0.25
Bulb shape at root end 0.20 -0.11 0.17 0.26 -0.46 -0.05
Bulb: base color of dry skin 0.15 0.56 0.07 -0.05 -0.03 -0.22
Bulb shape 0.19 0.12 -0.21 -0.05 -0.60 0.13
Bulb: color of epidermis of fleshy scales 0.06 0.57 0.02 -0.05 0.03 -0.29
Eigenvalue 3.90 2.21 1.86 1.41 1.13 1.10
% Variance 24.39 13.85 11.63 8.84 7.07 6.87
% Total variation explained 24.39 38.24 49.87 58.71 65.78 72.65
bulb base dry skin, contributed to phenotypic variance in PC2 polar diameter, bolting rate, and foliage waxiness. Similarly, in

(Appendix 5). The third PC explained just over 11.0% of the PC4, the foliage attitude, bolting rate bulb neck width, foliage

total variation and was mainly associated with the BSI, bulb waxiness, and leaf color contributed close to 9.0% of the
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phenotypic variance. PC5 contributed to 7.0% of the
phenotypic variance and was associated with the bulb shape,
bulb shape at root end, and leaf color. PC6 accounted for
7.0% of the total variation and was associated with bulb neck

width and plant height.

Cluster Analysis

A dendrogram of genetic distances based on morphological
characteristics was constructed using agglomerative hierar-
chical clustering. Overall, three clusters were obtained from
the 79 onion accessions. Clusters 1, 2, and 3 contain 50, 20,
and 9 accessions, respectively (Fig. 3). Cluster 1 was further
separated into three subgroups and clusters 2 and 3 each

separated into two subgroups.

The means and standard deviations of the quantitative traits
in the three clusters are presented in Table 4. Most accessions
were grouped in cluster 1, which showed a lower plant height,
bulb polar diameter, bulb equatorial diameter, and bulb weight
than that of clusters 2 and 3. The bulb polar diameter, bulb
equatorial diameter, and bulb weight were higher in cluster 2
than in clusters 1 and 3. Accessions in cluster 2 showed lower
bolting rate than those in clusters 1 and 3. The degree of
splitting into bulblets was higher in cluster 1 than in clusters 2
and 3. Clusters 2 and 3 did not contain small bulb neck widths.
The bulb size of cluster 1 accessions consisted of small,
medium, large, and mixed types, whereas cluster 2 accessions
contained medium and large onions, and cluster 3 accessions

had small-to-medium bulb sizes.
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Fig. 3. Dendrogram showing the three main clusters identified using dissimilarity analysis. The dendrogram includes all 79 onion
accessions and 16 descriptors used for Ward’s cluster analysis showing genetic relationship (scale: Euclidean distance).

Table 4. Means and standard deviations of quantitative traits used for the classification of three onion clusters evaluated at Muan-Gun,

Jeolla-Do, Korea, from 2020-2021

Traits Cluster 1 Cluster 2 Cluster 3
Mean SD* Mean SD Mean SD
w 50 20 9
Bolting rate (%) 7.4 17.0 3.8 113 16.7 26.9
Plant height (cm) 64.7 10.2 74.8 7.6 77.3 13.5
Polar bulb diameter (cm) 5.6 1.3 7.1 0.9 6.1 1.4
Equatorial bulb diameter (cm) 6.4 1.4 8.4 0.6 6.9 1.5
BSI 0.9 0.2 0.9 0.1 0.9 0.2
Bulb weight (g) 135.5 67.3 268.1 52.6 171.4 97.7
Degree of splitting into bulblets (%) 38.8 433 0.8 3.4 28.9 35.8
Bulb neck width (3-7) 3,57 - 5,7, 10 - 5,7 -
Bulb size (3-7) 3,5 7,10 - 5,7, 10 - 3,5, 10 -

“SD, standard deviation; n, number of accessions; BSI, bulb shape index; Bulb: neck width (3-7); 3, small; 5, medium; 7, large; 10,
mix; Bulb size (3-7), 3, small; 5; medium; 7, large; 10, mix; -, absent.
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A summary of the qualitative characteristics of the three
clusters is given in Fig. 4. Cluster 1 contained the highest
number of accessions with green leaf color, whereas clusters
2 and 3 contained the highest number of accessions with
mixed leaf color (Fig. 4A). Clusters 1 had the most accessions
with erect and semi-erect foliage attitude, followed by Cluster
2 (Fig. 4B). Clusters 1 and 2 had the highest number of
accessions that contained no foliage waxiness (Fig. 4C).
Clusters 1 and 2 contained the highest number of accessions
with round bulb shapes at the root end (Fig. 4D). Similarly,
the color of the bulb base dry skin was predominantly brown
in clusters 1 and 2, but cluster 3 contained the highest number
of accessions with a mixed color (Fig. 4E). Clusters 1 and 2
had the highest number of accessions with circular bulb
shapes (Fig. 4F). The white epidermis of fleshy scales was
predominant in clusters 1 and 2 accessions, but a mixed color

of the epidermis of fleshy scales was predominant in cluster 3

accessions (Fig. 4G).

Discussion

In this study, marked phenotypic trait variations were
identified among the germplasms, which could provide acce-
ssions for use in the development of onion breeding programs.
Variations in phenotypic traits are of paramount importance
in onion breeding. Owing to the high variability in the bolting
rate, degree of splitting into bulblets, bulb weight, bulb polar
and equatorial diameters in the onion germplasms of this
study, the selection of superior genotypes based on these
traits could be effective. Arya et al. (2017) also reported
variations in the plant height, polar and equatorial bulb dia-
meters, BSI, and bulb weight in 26 onion germplasms.
Bolting is an undesirable trait in the production of onion

bulbs. In our study, the bolting rate exhibited a high degree of
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variation, followed by the degree of splitting into bulblets,
and then bulb weight. Monpara et al. (2005) also reported a
high variation (133.9%) in the bolting traits when evaluating
106 onion germplasms. Hanci and Gokce (2016) reported a
68.1% and 61.6% variation in the degree of splitting into
bulblets and bulb weight, respectively. The high coefficients
of variation obtained for the bolting rate, degree of splitting
into bulblets, and bulb weight in this study are similar to the
findings of previous studies (Ghetia and Singh, 2000; Hanci
and Gokce, 2016; Monpara et al., 2005). Genotype selection
is a well-known approach for avoiding bolting traits. Selecting
genotypes that are resistant to bolting is a major breeding
objective for onions (Hu ef al., 2003).

Bulb shape, weight, and size are commercially important
traits. The results of this study showed a wide variation in
these traits. The bulb shape also affects consumer preferences
and varies across different markets. Notable differences in the
bulb shape among onion cultivars, which are important to
consumers, have been reported by Grant and Carter (1991). In
this study, marked variation was observed in the base color of
dry skin among onion accessions. Phenotypic diversity in the
onion germplasm for the base color of dry skin has also been
reported (Azimi et al., 2020; Gvozdanovi¢ et al., 2013). In
this study, circular bulb- shaped accessions were identified,
which might be important for onion breeding. Azimi et al.
(2020) also reported differences in the bulb shape. Plant
morphology can be used as a genetic marker to characterize
onion germplasms (Ahmed ez al., 2013). Morphological traits
are useful for the protection, registration, and patenting of
varieties. Accordingly, the variation in qualitative traits observed
in the study could be used to identify accessions. Phenotypic
traits are also useful for characterizing other crops such as
lettuce germplasm (Sung et al., 2016).

The positive association of plant height, bulb polar dia-
meter, bulb equatorial diameter with bulb weight suggests
that these traits are yield determining factors and could be
directly selected. Manjunathagowda (2022) also reported a
strong positive correlation among bulb weight, plant height,
and bulb polar and equatorial diameters which concurs with
our findings. Other studies have found bulb weight positively
and significantly (p <0.01) correlated with the equatorial and
polar bulb diameters (Dhotre et al., 2010; Patil et al., 1990).

Conversely, bulb weight negatively correlated with the degree
of splitting into bulblets, which indicated that selecting geno-
types with a high-degree of splitting results in a low bulb
weight. Raghuwanshi ez al. (2016) reported that plant height
is a yield-determining trait. In the present study, we found that
the quantitative traits contribute more to diversity than qua-
litative traits. Hanci and Gokce (2015) reported that the nine
PCs contributed to 71.84% of the variability (high eigenvalues
> 1), and that the bulb weight and pseudostem diameter
positively contributed to PC1. However, in this study, six PCs
contributed to most of the variability (high eigenvalues > 1).
The bulb weight, bulb equatorial and polar diameters, and
plant height positively contributed to PC1. Dangi et al. (2018)
reported that five principal components PC1-PCS5 contributed
to 78.5% of the total variation in short-day onion genotypes
and they identified that leaf diameter, bulb diameter, and
number of leaves are the major contributors to PC1. The
results of our study show that bulb weight, bulb equatorial and
polar diameters, plant height, degree of splitting into bulblets,
and bulb size are the most useful traits for PC1, followed by
bulb color of the epidermal fleshy scales and bulb base color
of the dry skin (PC2). Mousavizadeh et al. (2006) stated that
the axes of the first three PCs had 83.42% of the total
phenotypic diversity in Iranian onion landraces and that bulb
dry weight, diameter, and bulb weight were the major contri-
butors to PC1. Arya et al. (2017) observed that three PCs
accounted for 95.61% of the variation. The high positive
loading related to the bulb weight in PC1 in this study agrees
with the results of Arya ef al. (2017), where the major
contributing traits were the bulb weight, bulb equatorial and
polar diameters, and plant height in the positive direction, and
the degree of splitting into bulblets (in the negative direction).
In contrast, the traits contributing the least were BSI, foliage
attitude, bulb color of the epidermal fleshy scales, bulb neck
width and bolting rate. Most accessions were clustered
together, indicating morphological similarities, whereas a few
accessions showed diversity. Differences in traits, such as the
bolting rate, degree of splitting into bulblets, bulb weight,
bulb size, and color of the epidermal fleshy scales might have
created the variations in these accessions. Based on morpho-
logical traits, Lee ef al. (1996) classified 60 onion varieties

into four groups, most of which were not associated with their
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geographical origins. This study classified 79 onion germplasms
into three clusters based on 16 morphological traits. Manjuna-
thagowda (2022) also reported five clusters from 62 Indian
onion accessions, and Arya et al. (2017) classified 26 onion
accessions into four clusters. Prior studies have reported that
clustering does not signify geographical origin, which is
consistent with our findings.

In this study, marked phenotypic trait variations were
identified among the 79 onion germplasms. These variations
could provide information to breeders and gene bank curators.
The phenotypic traits, including a low bolting rate, low degree
of splitting into bulblets, and high bulb weight, along with
circular bulb-shaped onion accessions could be important for
improving onion breeding. The significant correlation between
plant and bulb traits in onion accessions could improve their
genetics. The strong positive values in the principal components
can aid in the precise selection of onion accessions. In parti-
cular, cluster 2 onion accessions can be effectively utilized in
variety improvement. The history and collection area for each
accession may help to form the clusters, and examine their
relationship with morphological characteristics. However, the
present study reveals little explanation for the relationships
between closely related or geographically distant accessions.
Therefore, exploring the geographical origin of onion germ-
plasms using molecular characterization is recommended for

further research.
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Appendix 1. Onion germplasm used for the phenotypic characterization at Muan-Gun, Jeolla-Do, Korea, from 2020-2021

SN. St;:l;ega(;’k"f Code SN. Stzzl;;;zk“ Code
1 1T109552 NPL-BC 41 IT136654 Kathmandu Local
2 IT121 528 P1164350 42 IT163765 [(A/10010-1)-2]-5
3 IT121546 P1181929 43 IT163766 [(A/L 08063-3-4-1-2)-2]-5
4 1T121547 PI182135 44 IT163768 [(ABL 04039/L 18018-2)-7]-1
5 IT121576 P1236025 45 IT163790 L01017-3-7-1
6 IT121586 P1256043 46 IT163857 [(A/AL 04057-3)-1-M']-1
7 IT121593 PI1262898 47 IT163861 [(A/L 03015-1-2)-6-M']-1
8 IT121598 P1262920 48 IT163864 [(A/L 05027-10)-9-M?3]-6
9 IT121600 P1262922 49 IT163867  [(A/L 05027-10)-9/(ABL 04039/L 05027-10)-6]-20
10 IT121602 P1262926 50 IT163870 [(A/10010-1)-3-M5]-3
11 1T121604 P1262928 51 IT163872 [(A/10010-1)-6]-2
12 IT121612 PI1264314 52 IT163887 23020-1-M7-13
13 IT121613 PI1264315 53 IT163912 32010-1-1-3
14 IT121614 PI1264316 54 IT163930 [(A/L 04029-2)-1-1]-1
15 IT121623 PI1264326 55 IT172873 Bhusan Hort. Expt. Stat.1991-5725
16 IT121624 P1264328 56 1T172914 L13017-13-1-M-1
17 1T121630 P1264627 57 1T172965 (A01012/19027-3)-2W-29-2-1
18 IT121636 PI1268359 58 1T172972 L13017-13-1-M-1
19 IT121659 P1288906 59 1T187950 Colossal PVP
20 IT121660 P1289638 60 1T187953 Granoble
21 IT121661 P1289639 61 1T189936 El'dorado
22 IT121663 PI1344251 62 1T200522 Muna
23 IT121686 P1357220 63 17202090 Elad [H]
24 IT121690 PI368355 64 1T202112 USA Early supreme
25 IT121699 PI1360336 65 1T203340 Local-Bukhara
26 IT121711 P1420202 66 1T220035 65
27 IT121721 P1433320 67 K166281 Ostryi Mestnyi
28 IT121722 PI433322 68 K166283 Local
29 IT121728 PI433333 69 K166284 Rivato Orig. R.S.
30 IT121731 P1433338 70 K166285 Kyustendilski
31 IT121733 PI433340 71 K166287 Eterna
32 IT121736 PI433343 72 K166288 Ontario
33 IT121742 P1433409 73 K166291 Rouge
34 IT135868 Sweet Spanish Cilo No 6 74 K166294 Record-2
35 IT135893 Early White Grano 75 K166297 Sapporoki-Hokkaido
36 1T135907 Imperial 48 76 K166302 Chieftein
37 1T135932 Sweet Spanish Valencia 77 K168154 sung 98
38 IT136008 Walla Walla Sweet 78 K168290 ATE 0421
39 IT136041 Red Grano 79 K270686 K243480-2
40 IT136653 Red Creole
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Appendix 2. Quantitative and qualitative characteristics used for the phenotypic evaluation of onion germplasm at Muan-Gun, Jeolla-
Do, Korea, from 2020-2021

Characters When to measure How to measure/scale

Quantitative characteristics

Bolting rate Visual observation at field, %

Plant height

Vegetative stage on fully developed plants

Vegetative stage at mature plants From soil level to the highest green leaf, cm

Bulb polar diameter

Harvesting stage

Mature bulbs from top to root end portion, cm

Bulb equatorial diameter

Harvesting stage

Mature bulbs at middle portion, cm

Bulb shape index

Harvesting stage

Bulb polar diameter divided by bulb equatorial diameter

Bulb weight

Harvesting stage

Using digital electronic balance, g

Degree of splitting into bulblets

Harvesting stage

Visual observation on bulbs, %

Width of bulb neck

Harvesting stage

3 = small, 5 = medium, 7 = large, 10 = mix

Bulb size

Harvesting stage

3 = small, 5 = medium, 7 = large, 10 = mix

Qualitative characteristics

Leaf color

Vegetative stage

1 = bright green, 2 = green, 3 = dark green,
4 = bluish green, 5 = others, 10 = mix

Foliage attitude

Vegetative stage

1 = erect, 9 = semi-erect, 10 = mix

Foliage waxiness

Vegetative stage

1 = absent, 9 = present, 10 = mix

Bulb shape at root end

Harvesting stage

3 = depressed, 5 = flat, 7 = round, 10 = mix

Bulb: base color of dry skin

Harvesting stage

1 = white, 2 = yellow, 3 = red, 4 = brown,
5 = others, 10 = mix

Bulb shape

Harvesting stage

1= oval, 2 = ovate (elongated oval), 3 = broad oval,
4 = circle, 5 = broad ovate, 6 = broad obovate,
7 = rhombic, 8 = transverse medium elliptic,
9 = transverse narrow elliptic, 10 = others, and 11 = mix

Bulb: color of epidermis
of flesh scales

Harvesting stage

1= white, 2 = red, 3 = purple, 4 = other, and 10 = mix.

-250 -



Variation in Phenotypic Traits in Onion (4l/ium cepa L..) Germplasm Collections

Appendix 3. Plant quantitative traits measured on three clusters of the 79 onion accessions

Degree of Bulb width

Stock No. of  Bolting  Plant ht. Bulb polar Bulb shape Bulb wt. Bulb size

SN enbank  rate %) (em)  dia(em) Z‘il:f‘tz’crrgl index BS)  (g) i‘iﬁﬁf z?/t‘)’ Oi;_f;k (3-7)
Cluster 1

1 1T109552 200 532 36 46 0.8 60.4 100.0 3 3
2 IT121528 0.0 53.0 4.1 48 0.9 65.0 100.0 7 3
3 IT121546 0.0 58.4 49 5.4 0.9 70.9 60.0 7 3
4 IT121547 0.0 734 8.5 6.9 12 197.7 0.0 7 3
5 IT121576 0.0 62.9 45 5.4 0.8 63.7 0.0 7 3
6 IT121586 0.0 68.0 5.1 55 0.9 137.0 100.0 7 7
8 IT121598 50.0 64.2 53 6.9 08 117.6 50 7 10
10 ITI21602 0.0 54.4 6.6 57 12 1200 0.0 7 5
14 ITI21614 0.0 69.5 56 62 0.9 1208 100.0 7 10
15 ITI21623 0.0 84.0 45 76 0.6 174.8 0.0 7 10
16 ITI21624 0.0 73.0 53 62 0.9 134.0 100.0 7 5
17 ITI21630 0.0 61.0 5.5 6.1 0.9 135.0 100.0 7 5
18 ITI21636 0.0 58.4 4.1 44 0.9 50.7 100.0 7 3
19 ITI21659 0.0 39.0 35 40 0.9 45 0.0 7 3
20 ITI21660 35.0 50.0 49 52 0.9 70.0 0.0 3 3
21 IT121661 25.0 59.3 5.0 76 0.7 184.0 300 7 5
2 ITI21663 0.0 65.0 42 41 1.0 48.0 100.0 7 3
23 ITI21686 0.0 70.6 4.0 7.7 0.5 133.0 50.0 7 5
24 ITI21690 0.0 79.5 46 53 0.9 75.0 100.0 7 3
25 ITI21699 0.0 74.4 56 6.5 0.9 1433 300 7 10
2% ITI21711 50.0 66.2 6.5 9.1 0.7 275.0 0.0 7 5
27 ITI21721 0.0 72.0 6.5 48 1.4 87.0 100.0 7 3
28 ITI21722 0.0 73.7 73 63 12 146.5 40.0 7 3
30 ITI21731 0.0 64.2 7.0 538 12 153.5 50.0 7 5
31 ITI21733 0.0 64.8 3.9 58 0.7 76.0 0.0 3 3
32 ITI21736 0.0 67.0 6.7 538 12 145.5 0.0 7 10
3 ITIRI742 0.0 76.7 6.5 6.8 0.9 1773 80.0 7 5
34 ITI35868 0.0 63.3 6.8 7.7 0.9 206.3 0.0 7 5
36 ITI35907 0.0 50.0 47 6.6 0.7 106.0 0.0 3 3
37 ITI35932 0.0 66.0 4.0 8.0 0.5 70.0 100.0 7 5
38 ITI36008 0.0 69.0 738 63 12 164.0 0.0 7 3
39 ITI36041 0.0 70.0 58 7.9 0.7 2115 100.0 7 5
40 ITI36653 400 62.1 45 538 08 91.2 100.0 3 3
41 ITI36654 0.0 60.5 52 6.9 0.7 135.6 300 3 10
45 IT163790 0.0 71.0 7.1 8.4 08 2663 5.0 3 10
46 ITI63857 0.0 67.7 62 6.9 0.9 159.1 0.0 5 3
51 ITI63872 0.0 81.6 76 8.9 0.9 306.9 5.0 7 10
sS4 IT163930 0.0 37.8 5.1 8.3 0.6 2376 0.0 3 10
55 ITI72873 70.0 64.7 6.9 73 0.9 183.9 0.0 7 10
57 ITI72965 0.0 70.8 6.3 9.2 0.7 306.1 0.0 3 10
58 ITI72972 0.0 63.0 62 7.1 0.9 158.0 50.0 7 3
59 ITI87950 0.0 48.1 7.9 63 12 179.4 0.0 3 3
61 ITI89936 0.0 69.6 6.6 6.5 1.0 156.0 200 7 5
62 IT200522 50.0 55.1 35 44 0.8 385 0.0 5 3
65 IT203340 25.0 61.6 46 5.4 0.9 68.0 0.0 7 3
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Appendix 3. Plant quantitative traits measured on three clusters of the 79 onion accessions (Continue)

Degree of Bulb width

SN, Stock No. of  Bolting  Plant ht. Bl}lb polar equatorial Bulb shape Bulb wt. splitting ino  of neck Bulb size
genebank rate (%) (cm) dia. (cm) dia. (cn) index (BSI) (2) bulblets (%) 3-7) (3-7)
Cluster 1
71 K166287 0.0 68.2 5.9 6.2 0.9 124.8 5.0 7 10
72 K166288 0.0 84.5 6.5 6.5 1.0 144.9 10.0 7 10
74 K166294 0.0 69.8 6.2 6.4 0.9 115.6 0.0 7 3
77 K168154 5.0 50.0 34 3.7 0.9 46.1 100.0 3 3
78 K168290 0.0 73.5 49 6.1 0.8 93.2 70.0 7 3
Cluster 2
7 IT121593 50.0 70.4 7.0 8.1 0.9 252.7 15.0 10 10
13 IT121613 0.0 74.7 4.7 8.5 0.6 278.0 0.0 10 10
29 1T121728 0.0 66.5 6.9 8.7 0.8 305.0 0.0 7 5
35 1T135893 0.0 64.0 7.8 8.1 0.9 241.0 0.0 7 5
42 1T163765 0.0 80.2 6.8 8.9 0.8 281.7 0.0 5 7
43 IT163766 0.0 60.5 6.7 8.2 0.8 265.0 0.0 5 5
47 IT163861 0.0 81.9 5.9 7.9 0.8 1974 0.0 5 5
48 1T163864 0.0 80.0 7.7 9.1 0.9 307.9 0.0 5 7
49 1T163867 0.0 82.2 7.5 9.0 0.8 305.9 0.0 5 5
52 1T163887 0.0 81.6 6.1 8.9 0.7 256.6 0.0 7 7
53 IT163912 0.0 75.8 7.7 7.9 0.9 255.5 0.0 5 5
56 1T172914 0.0 77.0 9.0 8.8 1.0 356.4 0.0 7 7
60 IT187953 0.0 72.1 8.4 9.0 0.9 337.9 0.0 5 7
63 17202090 0.0 69.8 83 9.3 0.9 368.4 0.0 5 7
64 1T202112 0.0 66.9 7.9 8.3 0.9 274.4 0.0 5 7
66 1T220035 10.0 79.9 6.4 7.3 0.9 180.7 0.0 10 10
69 K166284 10.0 75.0 7.3 7.4 0.9 211.0 0.0 7 5
73 K166291 0.0 88.9 6.1 8.9 0.7 268.2 0.0 7 7
76 K166302 5.0 65.3 7.2 79 0.9 231.0 0.0 7 5
79 K270686 0.0 82.6 7.2 7.5 0.9 187.2 0.0 5 5
Cluster 3
9 IT121600 10 82.90 6.23 7.86 0.79 199.10 5.0 7 5
11 IT121604 80 58.20 4.52 7.43 0.61 137.00 0.0 7 3
12 IT121612 30 81.10 4.78 6.46 0.74 113.10 0.0 7 3
44 IT163768 91.30 7.09 9.48 0.75 354.40 0.0 5 10
50 IT163870 92.10 8.70 8.46 1.03 297.70 60.0 7 5
67 K166281 30 55.90 4.68 4.22 1.11 47.50 100.0 5 3
68 K166283 69.60 5.68 5.98 0.95 108.90 50.0 7 3
70 K166285 76.90 6.35 6.21 1.02 125.10 40.0 7 3
75 K166297 88.00 6.64 6.86 0.97 159.90 5.0 7 5

Bulb neck width; 3; 5; 7; 10, Bulb size; 3, 5, 7; 10
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Appendix 4. Plant qualitative traits measured in three different clusters of the 79 onion accessions

Bulb: color of

SN, Stock No. Leaf color Fo.liage Fol?age Bulb shape Bulb: base c'olor Bulb shape  epidermis of fleshy

of genebank attitude waxiness at root end of dry skin scales
Cluster 1

1 IT109552  Dark green Erect Present  Depressed Red Tran. Med. Elli. Red
2 1T121528 Green Erect Absent Flat Brown Ovate White
3 IT121546 Green Erect Absent Round Brown Oval White
4 IT121547  Bright green Erect Absent Round Brown Ovate White
5 IT121576 Green Erect Absent Round Brown Circle White
6 IT121586 Green Erect Absent  Depressed Red Oval Red
8 IT121598  Bright green Erect Absent  Depressed Red Circle Red
10 1T121602 Green Erect Absent Round Brown Oval White
14 IT121614  Dark green Erect Absent Flat Others Oval Purple
15 IT121623  Dark green  Semi-erect  Absent Flat Mix Circle White
16 IT121624  Bright green  Semi-erect ~ Absent  Depressed Red Oval Red
17 IT121630  Bright green  Semi-erect ~ Absent  Depressed Brown Oval White
18 IT121636 Green Erect Absent Flat Red Circle Red
19 IT121659  Bright green  Semi-erect  Absent Flat Red Circle Red
20 IT121660 Green Erect Absent Round White Circle White
21 IT121661 Dark green Erect Present Mix Brown Circle White
22 IT121663  Bright green  Semi-erect  Absent Round Red Ovate Red
23 IT121686  Bright green Erect Absent  Depressed Red Circle Red
24 IT121690  Bright green Erect Absent Flat Red Circle Red
25 IT121699  Bright green  Semi-erect  Absent Flat Brown Mix White
26 IT121711 Green Erect Absent Flat Brown Circle White
27 1T121721 Green Semi-erect  Absent Round Brown Ovate White
28 IT121722 Green Semi-erect ~ Absent Round Brown Ovate White
30 1T121731 Green Semi-erect  Absent Round Brown Oval White
31 IT121733 Green Semi-erect  Absent Flat White Circle White
32 IT121736  Bright green  Semi-erect  Absent Round Brown Ovate White
33 IT121742  Bright green Erect Absent Mix Brown Oval White
34 IT135868  Dark green Erect Present Mix Brown Circle White
36 1T135907 Green Mix Absent Round White Circle White
37 IT135932  Dark green  Semi-erect  Present Round Brown Oval White
38 1T136008 Green Semi-erect  Absent Round Brown Oval White
39 IT136041 Green Semi-erect  Present Flat Red Broad oval Red
40 IT136653 Green Erect Absent  Depressed Red Broad oval Red
41 IT136654 Green Semi-erect  Absent Flat Red Circle Red
45 IT163790  Dark green Erect Absent Mix Brown Circle White
46 1T163857 Green Semi-erect  Absent Round Brown Mix White
51 IT163872 Green Erect Absent Mix Brown Mix White
54 1T163930 Green Semi-erect ~ Absent Mix Brown Circle White
55 IT172873  Dark green Erect Absent Round Brown Circle White
57 IT172965  Dark green  Semi-erect  Absent Round Brown Circle White
58 IT172972  Dark green Erect Absent Flat Brown Circle White
59 IT187950  Bright green Erect Absent Round Brown Oval White
61 IT189936  Dark green Erect Absent Round Brown Ovate White
62 1T200522 Green Erect Present Flat Red Circle Red
65 1T203340  Bright green Erect Absent Flat White Circle White
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Appendix 4. Plant qualitative traits measured in three different clusters of the 79 onion accessions (Continue)

Bulb: color of

S SNt T e b o

scales

Cluster 1
71 K166287 Mix Erect Absent Round Brown Mix White
72 K166288 Dark green  Semi-erect ~ Absent Mix Brown Mix White
74 K166294 Dark green Erect Absent Round Brown Oval White
77 K168154 Green Erect Absent Mix Red Oval Red
78 K168290 Mix Erect Absent Mix Brown Circle White

Cluster 2
7 IT121593  Dark green Erect Present Mix Brown Circle Purple
13 IT121613 Mix Semi-erect Mix Flat White Circle White
29 IT121728  Bright green Erect Absent Round White Circle White
35 IT135893 Green Erect Absent Round White Oval White
42 IT163765  Bright green  Semi-erect  Absent Round Brown Circle White
43 IT163766 Green Semi-erect  Absent Flat Brown Circle White
47 1T163861 Mix Semi-erect  Absent Round Brown Circle White
48 IT163864 Green Erect Absent Round Brown Circle White
49 IT163867  Bluish green  Semi-erect ~ Absent Round Brown Circle White
52 1T163887 Mix Semi-erect  Absent Round Brown Circle White
53 IT163912 Mix Semi-erect  Absent Round Brown Mix White
56 IT172914 Green Erect Present Round Brown Ovate White
60 IT187953 Green Erect Present Round Brown Oval White
63 1T202090  Dark green Erect Present Round Brown Mix White
64 1T202112 Green Erect Absent Round White Circle White
66 1T220035 Mix Erect Absent Mix Brown Mix White
69 K166284 Mix Erect Mix Round Brown Oval White
73 K166291 Mix Erect Absent Flat Red Circle Red
76 K166302 Mix Erect Present Round Brown Ovate White
79 K270686 Mix Erect Absent Round Brown Oval White

Cluster 3
9 IT121600  Dark green Mix Mix Flat Mix Circle Mix
11 IT121604 Mix Mix Mix Flat Red Broad oval Red
12 IT121612 Green Mix Mix Mix Mix Circle White
44 IT163768  Bright green  Semi-erect Mix Round Mix Mix Mix
50 1T163870 Green Semi-erect  Absent Round Mix Oval Mix
67 K166281 Mix Erect Absent Flat Mix Oval Mix
68 K166283 Mix Semi-erect  Absent Round Mix Mix Mix
70 K166285 Mix Erect Mix Round Mix Mix Mix
75 K166297 Dark green  Semi-erect ~ Absent Flat Mix Ovate Mix
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Appendix 5. Principal component bi-plot of variables among the onion accessions. BR; bolting rate (%); PHT; plant height (cm);
BPD; bulb polar diameter (cm); BED; bulb equatorial diameter (cm); BSI; bulb shape index; BWT; bulb weight (g); DSB; degree of
bulb of splitting into bulblets (%); BNW; bulb neck width; BSZ; bulb size; LC; leaf color; FA; foliage attitude; FW; foliage waxiness;
BSR; bulb shape at root end; BCD; bulb: base color of dry skin; BS; bulb shape; FSC; bulb: color of epidermis of fleshy scales. The

accession names are listed in Appendix 1.
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