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Abstract

A study was carried out to test whether a single count of radicle emergence (RE test) would correlate with 
the storage potential of seed lots of cucurbit (C. maxima × C. moschata) rootstock cultivars. The RE test was 
performed by counting radicle emergence percentage between 26 and 100 hours of germination. Seed longevity 
was determined by storage at 75% relative humidity at 35°C over 100 days, with seed survival curves constructed 
based on normal germination percentages. Ki (estimated initial viability in probits), σ (standard deviation of the 
normal distribution of seed death in time) and p50 (time for viability to fall to 50%) were determined through 
probit analysis. Correlation analysis showed that RE counts particularly between 30 and 34 hours were highly 
(P < 0.01) correlated with normal germination percentage, Ki and p50. It can be concluded that RE tests can be 
used as an indicator of subsequent seed lot longevity in cucurbit rootstock seed cultivars.
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Introduction

Seed vigour is an important component of seed quality which relates the field emergence 
potential and storage longevity of any lot (Powell and Matthews, 2012). Various seed 
vigour tests such as accelerated ageing, controlled deterioration, electrical conductivity 
and saturated salt accelerated ageing have been found to be related to the seedling 
emergence percentage of a seed lot (Powell, 2006). 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 vigour test which has been 
related to seedling emergence in various species. It has been validated as a vigour test by 
ISTA for maize (Zea mays L.), radish (Raphanus sativus L.), wheat (Triticum aestivum 
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L. subsp. aestivum) and oilseed rape (Brassica napus L. subsp. napus) (ISTA, 2020). The 
philosophy behind the RE test is based on the lag period between the start of imbibition 
and radicle emergence (Matthews and Khajeh Hosseini, 2007). In aged seed lots, this 
period is extended due to the need for more time for metabolic repair, and the radicle 
emerges later. There are a large number of studies that relate the RE test to the seedling 
emergence of diverse species in the field or transplant plugs (Matthews and Powell, 2011; 
Guloksuz and Demir, 2012; Ermis et al., 2015; Lv et al., 2016; Mavi et al., 2016; Demir 
et al., 2019; Ilbi et al., 2020). However, research on RE regarding its prediction of seed 
longevity is rare. Maintaining seed viability from harvest to sowing is a major issue faced 
by seed companies, particularly for those species that rapidly lose viability during storage. 

Grafted transplant production in cucurbits is a common practice in order to develop 
tolerance to soil-borne diseases such as Fusarium spp. along with yield and plant per-
formance under stress (Devi et al., 2020). Rootstock seeds used for such purposes are F1 
hybrids and valuable lots. The great majority of cucurbit rootstock seeds are Cucurbita 
maxima Duch. × C. moschata Duch. crosses (Yetisir, 2017). Low seed vigour, i.e. ageing 
during storage, not only reduces fast emergence in the seed bed but also reduces seedling 
uniformity, i.e., seedling size and hypocotyl thickness (Demir et al., 2008). Both are 
crucial for successful rootstock seedling production, since late germination reduces 
seedling size and the percentages of graftable seedlings. 

Not much is known about rootstock seed longevity. Seed deaths over time show a 
normal distribution during storage. Thus, determination of the time for germination to 
fall to 50%, p50, could be a good indicator of seed longevity of any seed population or 
lot (Ellis and Roberts, 1980). In an earlier study, higher RE counts after 120 hours were 
significantly related to longevity (p50) in leek seeds during artificial ageing (Ozden et 
al., 2017). In this work we examined the RE test to predict longevity by the p50 (period 
of storage required for normal germination to fall to 50%) and σ (standard deviation of 
distribution of seed death in time) values of rootstock seed cultivars.

Material and methods

Eight rootstock hybrid cultivar seed lots (C. maxima × C. moschata) were obtained from 
different seed companies. All were produced in recent years (2019-2020). The cultivars 
were ‘TZ-148’, ‘Vitalley’, ‘Gürdal’, ‘GS 20005’, ‘Obez’, ‘Strongtosa’, ‘Flexifort’ and 
‘Jumbo’. These are cultivars which are widely used in grafting. Upon receipt, the seed 
moisture content (mc; % fresh weight) was determined (ISTA, 2020). The seeds were kept 
at 5°C in sealed aluminium foil packets until use (about three months). Four replicates of 
100 seeds were weighed, and means were taken and multiplied by 10 to get 1000-seed 
weight.

For germination tests, three replicates of 25 seeds per cultivar were placed between 
paper towels (Filtrak, Germany) (200 × 200 mm) and moistened with 10 ml distilled 
water. The rolled paper towels were then placed in plastic bags in order to prevent water 
loss during the test. The bags were held at 25°C for eight days in the dark. Radicle 
emergence test counts (RE) (number of seeds with a radicle ≥ 2 mm-long) were made 
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at 2-hourly intervals between 26 and 54 hours and then at 60, 80 and 100 hours. At the 
final count, eight days after the beginning of the test, seedlings were evaluated as normal 
or abnormal (ISTA, 2020). The number of normal seedlings was used to calculate the 
normal germination percentage (GP). Mean germination time (MGT) was calculated as 
∑n.t / ∑n, where n is the number of seeds newly showing radicle emergence at time, t 
(hours). ∑n is therefore the total number of seeds showing radicle emergence by the end 
of the test (100 hours). 

For storage experiments, about 1500 seeds of each cultivar were equilibrated to 75% 
relative humidity in plastic cups (360 mm long × 180 mm wide × 120 mm deep) by placing 
them on top of wire mesh over saturated NaCl solution for three days at room temperature 
in the dark. Saturated NaCl was prepared by dissolving 400 g NaCl in 500 ml distilled 
water. At the end of equilibration, seed moisture content was determined and found 
to range between 8.9 and 9.2%. Then seeds of each cultivar were placed over 500 ml 
saturated sodium chloride (NaCl) solution on wire mesh in a sealed plastic container (180 
mm long × 90 mm wide × 60 mm deep), giving 75% relative humidity at 35 ± 2°C. One 
sample of 75 seeds was taken from each cultivar from the plastic cup within 10 seconds 
and after 14 different ageing periods, on days 3, 7, 10, 14, 17, 21, 24, 32, 40, 48, 56, 70, 
85 and 100. Germination tests as described above were carried out (as three replicates of 
25 seeds). Survival curves were constructed based on normal germination after eight days 
(well-developed shoot and root parts). The time for normal germination to decline to 50% 
(p50), the initial theoretical germination (Ki), and the inverse of the standard deviation 
(σ) of the distribution of seed deaths over time were determined for each cultivar using 
probit analysis (Ellis and Hong, 2007) in GenStat 21st Edition (VSN International Ltd., 
Hemel Hempstead, UK). Approximate F-tests were made to determine whether the slope 
of the survival curves could be constrained, among all or subsets of seed lots. Correlation 
analyses of the RE counts at each observation time and normal germination, Ki and p50 

were also made in GenStat.

Results

Seed moisture content upon receipt was between 5.44 and 6.99% (table 1). The normal 
seedling percentage of the eight different cultivars ranged between 79 and 100%. 
Thousand seed weight ranged between 193 and 258 g. RE test counts showed that the 
‘Jumbo’ seed lot was the slowest to germinate; the seeds of ‘Flexifort’ were also slow to 
germinate (figure 1). The other six cultivars had similar RE percentages, particularly after 
40 hours. Mean germination times were also higher (reflecting the slower germination) 
for the ‘Jumbo’ and ‘Flexifort’ seed lots compared with the other six seed lots (table 1).

Survival curves (i.e., normal germination percentage plotted against storage period) of 
the eight cultivars were sigmoidal (figure 2). Germination of the ‘Flexifort’ and ‘Jumbo’ 
seed lots declined more rapidly than the germination of the other seed lots, resulting in a 
different estimate for σ-1 (table 2). The estimated Ki was also low for these two seed lots. 
Accordingly, the p50 estimates were also low. Five of the other seed lots had very similar 
estimates for Ki and hence, p50, the exception being the ‘Strongtosa’ seed lot. 
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Figure 1. Progress of radicle emergence of eight hybrid rootstock (C. maxima × C. moschata) seed lots.
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Table 1. Characteristics of the eight cucurbit (C. maxima × C. moschata) hybrid rootstock seed lots used in the 
study: production year, 1000 seed weight, seed moisture content (mc; % fresh weight), normal germination 
percentage (GP) and mean germination (radicle emergence) time (MGT). 

Cultivar Production year 1000 seed weight 
(g)

Seed mc 
(%)

GP 
(%)

MGT 
(hours)

TZ 148 2020 256 5.87 100 29.2

Vitalley 2020 258 5.97 100 30.2

Gürdal 2020 258 6.28 100 28.3

GS 20005 2020 225 5.44 100 31.4

Obez 2019 193 6.03 99 32.9

Strongtosa 2019 212 6.96 96 31.6

Flexifort 2019 220 6.01 83 40.9

Jumbo 2019 221 6.17 79 50.6

TZ 148
Vitalley
Gürdal
GS 20005
Obez
Strongtosa
Flexifort
Jumbo
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Table 2. Probit model parameters for seed lots of eight hybrid rootstock (C. maxima × C. moschata) cultivars 
aged over saturated NaCl at 35 ± 2°C.

Cultivar Ki (s.e.)
(probits)

Slope, -σ-1 (s.e.)
(probits day-1)

p50 (s.e.)
(days)

TZ 148 1.58 (0.05) -0.0291 (0.0007) 54.4 (1.6)

Vitalley 1.61 (0.05) -0.0291 (0.0007) 55.4 (1.6)

Gürdal 1.51 (0.05) -0.0291 (0.0007) 52.1 (1.6)

GS 20005 1.57 (0.05) -0.0291 (0.0007) 53.9 (1.6)

Obez 1.52 (0.05) -0.0291 (0.0007) 52.3 (1.6)

Strongtosa 1.06 (0.05) -0.0291 (0.0007) 36.5 (1.5)

Flexifort 0.60 (0.07) -0.0565 (0.0028) 10.7 (0.9)

Jumbo 0.88 (0.07) -0.0565 (0.0028) 15.5 (0.9)

Ki is the estimated initial viability in probits; σ is the standard deviation of the normal distribution of seed deaths 
over time; and p50 is the time for viability to fall to 50%.

Figure 2. Survival curves of the seeds of eight rootstock (C. maxima × C. moschata) hybrid cultivars stored at 
35 ± 2°C and 75% relative humidity over 100 days.
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RE test counts were significantly (P < 0.05) correlated with normal germination 
percentage from 28 hours, with the strongest correlation for RE counts made between 32 
and 40 hours, and again at 60 hours (table 3). RE counts made between 28 and 40 hours 
or after 60 hours were significantly correlated with Ki (note, there was no further radicle 
emergence after 80 hours, so the correlation coefficients did not change between 80 and 
100 hours). The RE counts were significantly correlated with p50 regardless of when they 
were carried out, but were particularly strong (i.e. P < 0.001) for the RE count made at 
34 hours (figure 3). 

Table 3. Correlation coefficients of RE counts made between 26 and 100 hours and Ki and p50 (see table 2 legend 
for details) for seed lots of eight hybrid rootstock (C. maxima × C. moschata) cultivars.

Time of RE Count 
(hours)   GP   Ki      p50

26 0.538 0.620 0.594

28 0.771* 0.768* 0.783*

30 0.907** 0.836** 0.884**

32 0.950*** 0.860** 0.917**

34 0.985*** 0.859** 0.933***

36 0.988*** 0.830* 0.917**

38 0.965*** 0.768* 0.869**

40 0.940*** 0.719* 0.828*

42 0.925** 0.690 0.804*

44 0.901** 0.654 0.771*

46 0.892** 0.642 0.760*

48 0.896** 0.649 0.766*

50 0.915** 0.694 0.800*

52 0.914** 0.699 0.803*

54 0.902** 0.687 0.790*

60 0.926*** 0.759* 0.844**

80 0.914** 0.849** 0.891**

100 0.914** 0.849** 0.891**

Significant at *P < 0.05, **P < 0.01 or ***P < 0.001.



SITKI ERMIS, GÜLEDA OKTEM, KAZIM MAVI, FIONA R. HAY AND IBRAHIM DEMIR

7 

Figure 3. Correlation between radicle emergence (RE; % of seeds sown) at 34 hours and normal germination 
(table 1) and storage parameters Ki and p50 (table 2) for seeds of eight rootstock (C. maxima × C. moschata) 
hybrid cultivars.   
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Discussion

This work aimed to determine the storage longevity of seed lots of eight cucurbit rootstock 
cultivars. The RE test correlated well with the longevity of the seed lots (table 3; figure 
3). In particular, RE counts between 30 and 34 hours were significantly correlated with Ki 
and p50 (P < 0.01). The strongest correlations across these two longevity parameters and 
for the normal germination percentage was for the RE count at 34 hours; thus, we suggest 
a 34-hour RE count to predict longevity potential and final germination. Evaluation of 
seed quality beyond the standard germination test is an important task for seed testing 
laboratories and seed companies. Seed vigour tests are used to predict both seedling field 
emergence performance and storage longevity (Powell, 2006). However, most vigour tests 
are based on ageing tests, which take a long time; a period of storage followed by the 
germination test evaluation period. For cucurbit seeds, the standard germination test is 
eight days (ISTA, 2020). When the ageing period is added to that, it can be extended by 
more than 10 days. Therefore, quick, reliable and easy vigour test methods are valuable in 
seed technology, particularly when a large number of seed lots need to be tested.

One of the basic physiological reasons for low seed vigour is ageing: aged, low vigour 
seed lots need a longer period between the start of imbibition and radicle emergence 
(protrusion of the radicle). 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 vigour (Matthews and Khajeh Hosseini, 2007). Seed lots that need a longer time 
between imbibition and radicle emergence, seen in low-vigour lots is necessary to allow 
for metabolic repair (Matthews and Powell, 2011). In high vigour lots with physiologically 
high-quality seeds, the radicle emerges earlier, since there is much less ageing-induced 
DNA damage that needs repair (Lv et al., 2016). The RE test has been highly correlated 
with seedling emergence potential in the seeds of various species (Matthews and Powell, 
2011; Guloksuz and Demir, 2012; Ermis et al., 2015; Lv et al., 2016; Demir et al., 2019). 
However, its relation with seed longevity per se has not been sufficiently explored, even 
though it is fundamentally based on the concept of ageing-repair; seed lots that have 
already aged due to storage, inevitably have poorer future storage potential. The present 
work indicated that the length of the lag period did reflect the extent of ageing and, in 
turn, seed lot storage longevity. Similarly, Ozden et al. (2017) found that a RE count after 
120 hours was related to p50 values in leek seed lots. In agreement with earlier findings, 
those seed lots that germinated more slowly, that is, ‘Flexifort’ and ‘Jumbo’, had shorter 
longevity (p50) and a faster ageing rate (figure 3; table 2). The ideal RE test counting time 
should be determined separately for each species, because each species has a different 
germination time. In our work, RE counts of between 30 and 34 hours gave a high 
relationship with Ki and p50 values for the seed lots of eight different cultivars (table 3).

Two of the seed lots, those of ‘Flexifort’ and ‘Jumbo’ lost the ability to germinate 
more quickly than those of the other six lots, reflected in lower estimates of σ (table 2). 
Although the simplest model of common σ has often been accepted for seed lots of different 
cultivars within a crop aged under the same conditions, based on the modelling in Ellis 
and Roberts (1980), in the case of rice, significant variation in across diverse germplasm 
has been reported (Whitehouse et al., 2018; Lee et al., 2019). Given the theoretical links 
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between seed storage / ageing / longevity and a single RE count, our results suggest that 
it is important to evaluate the RE test across diverse cultivars (inbreds, hybrids, etc.) 
to confirm applicability for evaluating which seed lots will lose viability faster during 
storage. Furthermore, since a constant σ is an inherent assumption in storage-based vigour 
tests (controlled deterioration or accelerated ageing), it is important to validate such tests 
across diverse cultivars and/or refer to the cultivars for which the test has been validated 
in official testing rules. In our study, despite variation in σ, RE was nonetheless strongly 
correlated with p50 (table 3). The correlation may have been weaker had we included 
‘Jumbo’ and ‘Flexifort’ seed lots that had not already aged so much. These were two of 
the seed lots from the earlier production year, and the storage results suggest they would 
have lost viability more quickly during commercial storage. It should also be noted that 
when these ‘Jumbo’ and ‘Flexifort’ seed lots were not included in the correlation analyses, 
the correlations between RE after 34 hours and normal germination, Ki or p50 were weaker 
(0.31-0.43) and not significant. This again emphasises the need to investigate a greater 
number of commercially acceptable seed lots of different cultivars, with differences in 
physiological quality within each cultivar, to more fully understand vigour and longevity 
relationships (Shinohara et al., 2021).  

Grafted transplants are used in cucurbits for high yield and tolerance to soil-borne 
diseases and abiotic stressful conditions (Devi et al., 2020). Grafting on to suitable 
rootstocks affects plant growth parameters including flowering, fruit maturation date, 
yield and quality (Lee et al., 2010). Cucurbit species (watermelon, melon and cucumber) 
are generally grafted on to interspecific C. maxima × C. moschata hybrid rootstocks 
(Yetisir, 2017). When rootstock seedlings reach the graftable level in a shorter time 
(earlier emergence and fast development), that is, they have higher values in the RE test, 
the efficiency of grafting can be higher. Fast germination (lower germination time) results 
in thicker hypocotyls, and this makes it easier to do more grafting at one time (Mavi et 
al., 2006), which helps to produce equally-sized transplants. This may be important to 
synchronise plant development when plants are transferred to field conditions. Prediction 
of the longevity of hybrid cultivars has value, since ageing may directly affect transplant 
quality through late germination and affecting percentages (Demir et al., 2008), and in 
turn, graftable seedling percentages. Moreover, this work indicates that RE can also be 
used in inter-specific hybrid crosses, which is a new approach. 

In conclusion, the RE test can be a fast, easy and practical vigour test that can be 
used to evaluate the storage potential of cucurbit rootstock seeds; such information could 
contribute to better management of commercial seed stocks. It is also useful for evaluating 
the effect of ecological and production factors on seed quality. In this work we tested 
longevity in a high-humidity, warm environment (75% RH, 35°C); seeds in commercial 
storage are typically maintained at 15-17°C, 45-60% RH. Even though ageing will be 
slower, it will still impact the quality of the seed lots. 
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