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Abstract: The study was conducted to test whether a vigor test of a single count of radicle emergence
(RE test) would correlate with the storage potential of 10 seed lots of onion (Allium cepa L.) cultivars
in artificial storage conditions. The RE test was performed by counting radicle emergence (2 mm)
percentage at 80 h after germination was set up at 20 ◦C. Seed longevity was determined by storage at
75% relative humidity, obtained by saturated NaCl, at 35 ◦C over 60 days. Twelve seed samples were
taken out during ageing, and seed survival curves were constructed based on normal germination
percentages conducted at 20 ◦C for 12 days in the dark. The seed longevity criterion was P50 (time
for the viability to fall to 50%), which was determined through probit analysis by using survival
curves. Correlation analysis showed that RE counts at 80 h during germination were highly correlated
(p < 0.001) with initial seed quality, Ki (R2 = 0.888) and the half-viability period, P50 (R2 = 0.823). Non-
aged pre-storage final normal germination percentages of seed lots were also significantly related to
longevity (Ki, R2 = 0.808, p < 0.001, P50, R2 = 0.750, p <0.01), while the level of significance was lower.
It can be concluded that the RE test can be used as a fast vigor test to estimate the longevity in onion
seed lots.

Keywords: onion; RE test; seed longevity; seed vigor; ageing

1. Introduction

Seed quality, specifically germination and vigor, plays a major role in achieving
uniform and timely emergence and production of uniform, vigorous seedlings both in the
field and in the glasshouse. Seed vigor is a major component of seed quality that gives more
information about the seed lots than germination and relates to the field emergence potential
and storage longevity of any lot [1,2]. Highly vigorous seed lots are recognized by fast and
good stand establishment under various environmental conditions and remain viable for
longer periods during storage [1]. Seed vigor tests such as accelerated ageing, controlled
deterioration, electrical conductivity, and saturated salt accelerated ageing were found
to be related to the seedling emergence percentage and longevity of a seed lot in various
species [3–7]. A better seed vigor test is considered to be one that is fast, reproducible, and
efficiently discriminates seed lots [3,8]. The radicle emergence (RE) test, the proportion of
seeds with a radicle ≥ 2 mm long after a certain length of time in a germination test, was
introduced as a fast, easy, and practical vigor test. It has been validated as a vigor test by
the ISTA for maize (Zea mays L.), radish (Raphanus sativus L.), wheat (Triticum aestivum L.
subsp. aestivum), and oil seed rape (Brassica napus L. subsp. napus) [9]. The philosophy
behind the RE test is based on the lag period between the start of imbibition and radicle
emergence of about 2 mm [10]. In physiologically, seed lots that are aged or of low vigor,
this period is longer due to the need for more time for metabolic repair, and the radicles
emerge later than those of physiologically young seed lots. The RE test has, until now,
been related to the seedling emergence of diverse species in the field or modules [6,11–16].
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However, there are few studies on its use in the prediction of seed longevity. For example,
48 h RE counts during germination in violas [5] and petunias [7], 120 h in leeks [17], and
more recently, 30–34 h in cucurbit rootstock seed (Cucurbita maxima Duch. x Cucurbita
moschata Duch.) lots [18] were found to be related to seed longevity during artificial ageing.
Maintaining seed viability from harvest to sowing is a major issue faced by seed producers,
particularly in those species that rapidly lose viability during storage, particularly when
storage facilities are adverse, such as onions [19]. Demir and Ozcoban [20] indicated that
significant seed viability loss occurred in onion seeds at 20 ◦C with 6.2% seed moisture
over five years. Seeds with high seed oil contents, such as onions, were proposed as one
reason for shorter longevity [21]. Our laboratory found that the RE test predicted normal
germination percentages of 20 cultivars and genotypes of onions after 12 days at 20 ◦C, and
80 h of RE was found to be highly predictive of normal germination percentages (p < 0.001,
R2 = 0.95) [7].

Seed deaths in a population over time show a normal distribution during storage.
Thus, the determination of the time for germination to fall to 50%, P50, is a good indicator of
seed longevity of any seed population or lot [22,23]. In this work, we examined whether the
RE test (80 h) predicts longevity by the P50 (half-viability period) values of onion seed lots.

2. Materials and Methods

A total of ten accessions of cultivar seed lots (Allium cepa L. var. cepa.) were obtained
from different seed companies. The onion accessions were Ambrossa (lots 1, 2, and 3),
Elit (lot 4, 6, and 7), Damla (lots 5, 8, and 10), and Hazar (lot 9). The seed lots were kept
hermetically sealed at 4 ± 1 ◦C before they were used. The initial moisture content of the
seeds was determined by comparing their fresh weight to their oven-dried weight (103 ◦C
for 17 h) according to the ISTA [9]. There was a range of 7.14 to 8.19% moisture content in
the onion seed lots before the experiment was started.

To study longevity, about 1800 seeds of each lot were equilibrated to 75% relative
humidity in plastic containers (36 cm long x 18 cm wide x 12 cm deep) by placing them
on top of wire mesh over saturated NaCl solution at room temperature in the dark. This
solution was prepared by using a ratio of 400 g of NaCl to 500 mL of water. Seed moisture
contents were stabilized between 11.7 and 12.1% by keeping seeds at over 75 percent
relative humidity (Table 1). The proper seed moisture content was established at room
temperature by weighing seeds frequently until weight stabilization. The plastic containers
were then placed in a germination chamber set at 35 ± 2 ◦C. The following formula was
used to determine the final seed moisture content (mc) of the lots using the initial seed
weight and moisture:

Seed weight at desired mc = (100 − initial mc)/(100 − desired mc) × weight of seed

Table 1. Characteristics of the ten onion (Allium cepa L.) seed lots used in the study: total germination
(TG; %), normal germination (NG; %), seed moisture content (mc; %), and RE test count (%) at 80 h.

Seed Lot TG (%) NG (%) Seed mc (%) RE 80 h

1 97 a 89 ab 11.9 91
2 97 a 85 bc 11.9 93
3 99 a 94 a 11.8 93
4 98 a 88 bc 11.8 89
5 99 a 89 ab 11.7 85
6 92 b 82 cd 11.7 81
7 95 ab 77 de 12.1 76
8 97 a 78 de 12.1 75
9 85 c 74 e 11.9 73
10 91 b 78 de 12.1 71

Mean values with a different letter or letters in the same column are statistically significant (p < 0.05).



Horticulturae 2022, 8, 1063 3 of 10

After 12 different aging periods of 0, 3, 7, 10, 14, 21, 24, 28, 35, 42, and 60 days, one
sample of 150 seeds from each lot was taken from the plastic containers after waiting a
few seconds. Germination of the seed lots was examined for three replicates of 50 seeds
per lot (Figure 1). Then each lot of seeds was germinated on moist rolled paper towels
(20 × 20 cm Filtrak, GmBH, Germany) at 20 ◦C in the dark. A plastic bag was placed over
the rolled papers before the germination test in order to prevent water loss. These papers
were moistened as needed. Radicle emergence test counts (RE, assessed as production of a
2 mm long radicle) were made at 80 h after sowing. The percentage of total seedlings was
calculated after 12 days [9]. Survival curves were constructed based on normal germination.
The survival curves were then examined using probit analysis as described by Ellis and
Roberts [22], and De Vitis et al. [24]. The seed viability equation, as shown below, was used
to calculate the rate of seed deterioration:

V = Ki − p/σ

where V is the viability after p days in storage at a given seed moisture and temperature.
To measure the initial seed quality (combination of effects from genetic and environmental
factors on quality), Ki, it is the intercept on the probit viability axis before storage. The loss
of viability is normally distributed in time; therefore, it can be quantified in terms of P50,
the half-viability period, or σ, the standard deviation of seed deaths in time (i.e., the time
required to lose 1 probit of viability) at a certain seed moisture and storage temperature.
Since percentages must be transformed into probit values, the arch-sin transformation was
not used.
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Figure 1. (a,b): onion seed lots were put into plastic containers for 75% relative humidity, (c) the
plastic containers were placed in a germination chamber set at 35 ± 2 ◦C, (d,e) each lot of seeds was
rolled in paper towels, (f): normal and abnormal onion seedlings.

Germination tests were carried out with a completely randomized design to establish
the laboratory tests in this study. The mean and the standard error (SE) were calculated,
and differences in the means were considered to be significant (p < 0.05). The SPSS (IBM
SPSS 21 program package) statistical program was used for these analyses. Correlation
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coefficient values were calculated between RE 80 h counts, pre-storage normal germination
percentages and Ki and P50 values, RE 80 h pre- and post-storage of 7, 14, and 21 days after
storage, and significance was evaluated at the 0.05 and 0.001% level.

3. Results

The total germination capacity of the ten onion seed lots ranged from 85 to 99%.
However, the percentage of normal seedlings in the seed lots varied from 75 to 89%.
A typical germination percentage of 75% was achieved by all seed lots, which was the
minimum standard for commercial use. The moisture content of seeds during storage was
very close and ranged between 11.7 and 12.1% (Table 1). The RE 80 h values showed that
the germination of seed lots was between 71 and 91%. However, onion lots 7, 8, 9, and 10
were the slowest germinators.

The seed survival curves of ten onion seed lots are presented in Figure 2. The survival
curves (normal germination percentage plotted against storage period) of the ten onion
seed lots showed the typical sigmoidal pattern.
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Figure 2. Survival curves of the seeds of ten onion (Allium cepa L.) seed lots stored at 35 ± 2 ◦C and
75% relative humidity over 60 days.

Seed germination losses in lots 6, 7, 8, 9, and 10 were much faster in earlier sampling
times of the storage than in the other lots (Table 2). The estimated Ki is also low for these
five lots. The greatest value of Ki was obtained from Lot 2 and Lot 3 as 1.36 and 1.46 (probit
value), respectively. The minimum Ki value was obtained from Lot 7 and Lot 9, and the
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other lots were placed within similar values. According to the P50 and sigma, shorter
longevity was associated with lower Ki values (Figure 3). The viability loss was slower (σ)
in lot 3, lot 4, and lot 7 but was higher in lot 8. There were no differences in σ values in the
other seed lots.

Table 2. Probit model parameters (standard error of the mean) for seed lots of ten onion
(Allium cepa L.) seed lots stored aged with NaCl at 35 ± 2 ◦C.

Seed
Lots

Ki (SEM)
(Probits)

P50 (SEM)
(Days)

Slope, σ (SEM)
(Probits Day−1)

1 1.16 (0.05) 24.9 (0.16) −0.0466 (0.0008)
2 1.36 (0.03) 28.6 (0.46) −0.0474 (0.0004)
3 1.46 (0.06) 29.2 (0.40) −0.0501 (0.0006)
4 1.08 (0.03) 19.9 (0.20) −0.0539 (0.0013)
5 1.02 (0.04) 22.6 (0.07) −0.0451 (0.0020)
6 0.89 (0.04) 19.5 (0.14) −0.0458 (0.0017)
7 0.60 (0.03) 11.8 (0.07) −0.0511 (0.0016)
8 0.68 (0.02) 17.7 (0.11) −0.0383 (0.0004)
9 0.61 (0.01) 12.4 (0.41) −0.0494 (0.0012)

10 0.75 (0.03) 15.2 (0.32) −0.0493 (0.0015)
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Figure 3. Correlation between radicle emergence (RE; % of seeds sown) at 80 h and storage parameters,
Ki and P50, for seeds of ten onion (Allium cepa L.) seed lots. Values were derived from Tables 1 and 2.
Significance: ***: 0.001.

Ki values varied between 0.60 and 1.46 as probit values. Mean P50 values ranged
between 11.8 and 29.2 days. The highest Ki and longest P50 value were seen in the seed on
Lot 3. Lot 7 showed the lowest Ki value and the shortest P50 value as days. RE 80 h counts
(Table 1) and Ki and P50 (Table 2) were regressed and highly related (Ki p < 0.001, R2 = 0.888,
P50 p < 0.001, R2 = 0.823) (Figure 3).

Pre-storage normal germination percentages of onion seed lots were significantly
related to the Ki (p < 0.001, R2 = 0.808) and P50 (p < 0.750, R2 = 0.01) values (Figure 4). The
regressions of the pre-storage and post-storage RE 80 h values after 7, 14, and 21 days of
storage (Figure 5) revealed highly significant coefficients of determination for onions. The
significance was R2 = 0.956, p < 0.001 for seeds stored for seven days, R2 = 0.833, p < 0.01 for
seeds stored for 14 days, and R2 = 0.686, p < 0.05 for seeds stored for 21 days, indicating that
RE 80 h counts decrease as seeds age. The higher pre-storage RE counts were significantly
related to those observed after 7, 14, and 21 days of storage.
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4. Discussion

This work aimed to relate the RE count with the storage longevity of seed lots of
ten onion cultivars under artificial ageing conditions. The RE test (80 h) correlated well
(p < 0.001) with the longevity of the seed lots (Figure 2). Longevity parameters were
considered as Ki (initial seed quality) and P50 (half-viability periods). We tested only 80 h
of RE count since we found in our earlier work that this count was very successful in
predicting normal germination percentages in a large number of onion seed genotypes and
cultivars [7].

Seed vigor tests provide more information for seed laboratories and seed companies
about seed quality beyond the standard laboratory germination test, particularly when
seed germination is high, and they are used to predict both seedling field emergence
performance and storage longevity [3–7]. In our work, pre-storage normal germination per-
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centages were also found to significantly (p < 0.01–0.001, R2 = 0.750–0.808) predict longevity
(Figure 4). However, the RE test showed higher correlation (p < 0.001, R2 = 0.823–0.888)
values than those of pre-storage standard germination percentages (normal germination)
(Figures 2 and 3). Most common vigor tests validated by the ISTA [9] as accelerated ageing,
controlled deterioration, and saturated salt accelerated ageing are based on ageing tests,
which take a long time: a period of storage followed by the germination test evaluation
period. Such vigor tests have two basic phases. First, seed moisture is allowed to increase
to a predetermined level (i.e., controlled deterioration) or seeds are aged at a certain high
relative humidity (i.e., 70–100 RH, accelerated ageing, and saturated salt accelerated ageing)
at 40–45 ◦C for a certain time of 24 or 72 h [8]. Then, a standard laboratory germination
test is conducted to rank seed lots according to vigor level. In total, these stages can take
a minimum of 13 days (i.e., one day of ageing and 12 days of germination) for onion
seeds. When the controlled deterioration test is used, one extra day is needed (14 days) for
raising seed moisture and equilibration [4]. Even when the controlled deterioration test
is used successfully for predicting the longevity of onion seed lots under commercial [25]
and low-temperature storage conditions [4], such a long seed vigor testing time period is
laborious and impractical for seed companies and seed technology laboratories that have
to run vigor tests for a large number of seed lots at a time and decide about marketing
policy within a short time. Therefore, quick, reliable, and easy vigor test methods are
helpful and necessary in seed technology, particularly when quick information about the
lot is urgently needed. In that way, the RE test has great advantages. Our results on the
successful prediction of longevity by the RE test are in agreement with previous reports on
various species. Single RE counts of 48 h in violas [5] and petunias [7], 120 h in leeks [17],
and more recently, 30–34 h in cucurbit rootstock seed lots [18] were found to be related
significantly to seed longevity during artificial ageing. Maintaining seed vigor from harvest
to sowing (storage period) is a major challenge for seed producers, particularly in those
species such as onions that rapidly lose viability during storage in non-optimum storage
conditions [20]. Oily seeds such as onions are proposed to be less resilient to longevity [21].

One of the first indications of aging (vigor loss) in seeds is an extended time between
imbibition and appearance of the radicle, and differences in the length of this period have
been related to seedling emergence in modules and in field conditions in pepper and
maize [26,27]. Therefore, earlier radicle emergence percentages (RE test) of any lot have
been proposed as an indicator of the extent to which a seed lot has aged and its seed
vigor [10]. Seed lots that need a longer time between imbibition and radicle emergence, as
seen in low-vigor lots, are necessary to allow for metabolic repair [28]. In high-vigor lots
with physiologically high-quality seeds, the radicle emerges earlier since there is much less
ageing-induced damage that needs DNA repair [14].

In this study, we tested longevity in a warm environment with high humidity (75%
RH, 35 ◦C) in artificially arranged conditions. However, seeds in commercial storage are
typically maintained at 15–17 ◦C and 45–60% RH, which are more optimum conditions.
Even though ageing will be slower in commercial storage, it may still impact the quality
of seed lots in the long run. In our earlier studies, we tested the relationship between the
RE test and longevity in artificially aged seed lots in seeds of various species stored at
high, fast-ageing [17,18] and low, slow-ageing [5,7] temperatures. Seed storage periods
were up to 24 months at 5 ◦C with 5.5 and 6.4% seed moisture in petunias [7] and over
12 months with 4.5 and 8.3% in viola [5] seed lots. These storage conditions were quite
similar to commercial seed storage and active collections in seed gene banks. In such
conditions, the RE test was related to longevity at a significant level in violas (p < 0.01,
R2 = 0.80–0.86) and petunias (p < 0.05, R2 = 0.76). Some earlier observations showed that the
physiology and biochemistry of the artificially and naturally aged seeds may be similar [29]
or different [30]. In our present results with various species, the RE test was successful in
predicting longevity in both artificial and natural seed ageing conditions. However, this
issue needs to be investigated further.
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Even though a model of common σ (standard deviation of the distribution of seed
deaths in time) has often been accepted for seed lots of different cultivars within a crop aged
as in this work under the same ageing conditions, based on the modeling in [22], in the case
of rice, significant variation in σ across diverse germplasm has been reported [31,32]. In
our study, despite variation in σ, RE was nonetheless strongly correlated with P50 (Table 2).
In this study, we have tested the RE test in 10 lots belonging to four different cultivars.
However, there is a need to investigate a greater number of commercially acceptable seed
lots of different cultivars, i.e., hybrid seeds with differences in physiological quality within
each cultivar, to understand vigor and longevity relationships [18,33].

One of the basic advantages of the RE test is that it is easy to evaluate, which makes
the test repeatable within and among seed laboratories [28]. The determination of 2 mm
radicle emergence by the naked eye can be performed by any laboratory worker without
any additional qualification. However, AA and CD tests need extra qualifications such as
seed moisture equilibration, seedling evaluations, and appropriate ageing cabins [8,34].
Moreover, the RE test was highly related to established accelerated ageing and controlled
deterioration tests [35], which clearly indicate the ageing level in stored seed lots (Figure 5).
Frequent hourly counts during early germination in the RE test may be hard to run for a
large number of lots when there is a heavy workload; however, different automated image
systems are available for assessing germination trends [36]. There is also a strong effort
to run such a fast and efficient method of measuring RE by automated systems [37,38].
This will make the RE test a more efficient prospect for seed quality evaluation systems in
the future.

Different approaches have been seen in assessing seed longevity over the years [39].
The P50 half-viability period was defined by Roberts [40] as ‘the point on the time scale at
which the survival curves intersect the 50% level of germination’ as the measure of seed
longevity. P50 has been used as the measure of seed longevity [18,29,41]. Hay et al. [39]
suggested that P50 is a useful and consistent measurement of longevity over various species
of seed lots. In our work, we, therefore, relate the RE test with the objective and measurable
longevity parameter of P50 as was used successfully in earlier studies [13,18].

5. Conclusions

In conclusion, the RE test has the potential to evaluate the storage potential of onion
seed lots; such information could contribute to better management of commercial seed
stocks (i.e., discriminating better and worse storable seed lots). It is also applicable for
evaluating the pre-storage effect of ecological and production factors on seed longevity.
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