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A B S T R A C T

Crambe fruits are abundant in oil that contains more than 50% of erucic acid which has many applications in
chemical, cosmetic and food processing industries. Selected physical properties of fruits and the physiological
quality of seeds of ten crambe genotypes, including eight new breeding lines and two cultivars, were evaluated.
The analyzed traits varied significantly subject to weather conditions during the growing cycle. The results were
used to identify three lines (Elst2007-2; Elst2007-3 and PRI-9104-71) with large and heavy fruits. Crambe seeds
were characterized by high viability, but dormant seeds were also detected, and their proportions were de-
termined by weather conditions during the growing cycle. Breeding line Elst2007-16 was characterized by a high
proportion of dormant seeds in all years of the study, and it was least influenced by environmental conditions.
The germination capacity of the evaluated crambe genotypes was determined by the number of fresh non-
germinating seeds. Genotypes Elst2007-2; Elst2007-3 and PRI-9104-71 were characterized by large and heavy
fruits as well as the highest seed vigor. Evaluations of the physical properties of crambe fruits and the physio-
logical quality of crambe seeds contribute to the effectiveness of breeding programs by selecting genotypes with
large and high-quality seeds.

1. Introduction

Crambe (Crambe abyssinica Hochst. ex R. E. Fr.) is an annual oilseed
plant of the family Brassicaceae that is native to the Mediterranean
Region and eastern Africa (Falasca et al., 2010). Crambe fruits are si-
liques composed of two segments, where only the top seed-containing
segment is fully developed (Dorywalski et al., 1956; Młodzianowska,
1961). Crambe fruits are abundant in oil that contains even more than
54% of erucic acid which has many applications in chemical, cosmetic
and food processing industries and is used in the production of bio-
diesel, nylon derivatives, lubricants, rubber additives and hydraulic
fluids (Falasca et al., 2010; Lazzeri et al., 1994; Wang et al., 2000).
Crambe meal is used in the production of food and feed (Prakhova,
2013; Zhu, 2016). Research into crambe as an agricultural crop was
initiated in 1932 in Russia, where the species was introduced for cul-
tivation in the late 1930s (Byszewski et al., 1978; Prakhova, 2013). In
the 1940s and 1950s, crambe breeding programs were also initiated in
other countries, including Poland and Sweden (Falasca et al., 2010;
Grabiec, 1958; Meijer et al., 1999). In 1958, research into crambe
began in the USA as part of a program dedicated to the search for new
species of industrial crops (Lessman, 1990; Wolff, 1966). At present,
crambe is regarded as a potential renewable source of non-edible

vegetable oil and an alternative fuel that does not compete with oilseed
food crops (Bassegio et al., 2016; Falasca et al., 2010; Stolarski et al.,
2018; Zanetti et al., 2016, 2013). The interest in crambe as an industrial
crop has prompted many countries, mainly the USA, Netherlands and
Brazil, to develop breeding programs with the aim of improving the
quantitative and qualitative parameters of this plant species (Lara-
Fioreze et al., 2013; Mastebroek and Lange, 1997; Oliveira et al., 2018).
Efforts are being made to increase seed yields, the oil content of seeds,
the erucic acid content of oil, to decrease glucosinolate levels and im-
prove crambe’s resistance to diseases caused by Alternaria and Scler-
otinia (Lara-Fioreze et al., 2016). Breeding programs also aim to im-
prove the physiological quality of seeds, in particular to overcome seed
dormancy (Knights, 2002). A certain proportion of crambe seeds pre-
sent post-harvest dormancy. This is a characteristic feature of recently
domesticated species which obstructs reliable evaluations of seed per-
formance and prevents farmers from achieving the desired plant density
and high yields (Carlson et al., 1996; Oliveira et al., 2014). According to
Lara-Fioreze et al. (2013), an evaluation of the physiological quality of
seeds in germination and vigor tests can provide a basis for analyzing
genetic variability, which is low in the germplasm of crambe seeds and
inhibits breeding progress.

The aim of this study was to evaluate variation in the physical
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properties of fruits and the physiological quality of seeds of selected
crambe genotypes in four consecutive growing cycles in north-eastern
Europe.

2. Materials and methods

2.1. Seeds

Crambe seeds used in the study were grown during a field experi-
ment conducted in 2015–2018 at the Agricultural Experiment Station in
Łężany (53°59′N, 21°09′E), north-eastern Poland, which constitutes the
property of the University of Warmia and Mazury in Olsztyn. The field
experiment had a randomized block design with 4 replicates. Plot area
was 9m2 (harvest area – 6m2). Ten crambe genotypes (8 lines and 2
cultivars) developed by the Wageningen University and Research
Center in the Netherlands were used in the experiment (Table 1). Each
year after harvest, representative samples of crambe fruits with an
average weight of around 600 g each were drawn from seed lot of each
genotype for laboratory analyses.

2.2. Evaluation of the physical properties of fruits

Thousand-fruit weight, bulk density of seeds/fruits, fruit size frac-
tions, and fruit uniformity were evaluated. Thousand-fruit weight was
determined in 4 replicates for each genotype by collecting 8 sub-sam-
ples of 100 fruits each per replicate (ISTA, 2013). The fruits in every
sub-sample were weighed to the nearest 0.0001 g (HR 60, A&D
Company Limited, Japan). When the coefficient of variation did not
exceed 4%, the average from sub-sample measurements was multiplied
by 10. Bulk density was calculated in 4 replicates for each genotype, in
accordance with PN EN ISO 7971-3:2010 (2010)PN EN ISO 7971-3,
2010PN EN ISO 7971-3:2010 (2010). Fruit size fractions were de-
termined by passing 100 g samples through a set of sieves with round
openings (φ=3.0, 3.25 and 3.5mm) for 3min to produce 4 fruit
fractions with diameters of ≤3.0 mm, 3.0≥ 3.25mm, 3.25≥ 3.5 mm
and>3.5mm. Fruit size fractions were determined in 4 replicates for
each genotype. Batch uniformity was expressed as the largest sum of
two successive fractions in the batch.

2.3. Seed germination

A germination test was conducted on 100 crambe fruits of every
genotype which were spread on filter paper soaked with distilled water
in plastic boxes measuring 21×12×3 cm. The seeds of every geno-
type were tested in 4 replicates. Plastic boxes were placed in a germi-
nation chamber (Sanyo MLR-350 T). Seeds were germinated in darkness
at a constant temperature of 20°C for 7 days. The number of germinated
seeds (with minimum radicle length of 3mm) was counted each day.
Germination energy (GE, percentage of seeds germinated after 4 days),
germination capacity (GC, after 7 days) and selected germination
parameters, including mean germination time of one seed (MGT,

Pieper, 1952), germination vigor index (GVI) (Maguire, 1962) and
germination value (GV) (Czabator, 1962), were calculated.

2.4. Evaluation of seed vigor

Seed vigor was evaluated in the controlled deterioration test (CDT).
One hundred seeds of every crambe genotype were tested in 4 re-
plicates. Crambe fruits were brought to a moisture content of 20% and
were stored in air-tight tubes in a laboratory heater at a temperature of
45°C for 24 h. Seed germination was evaluated in the germination test
described in section 2.3.

2.5. Statistical analysis

The results were processed statistically using GLM mixed model
with genotypes as fixed effect and experimental years and replicates
nested within years as the random effects. The significance of differ-
ences between means was evaluated by Tukey’s test at P≤ 0.05.
Principal component analysis (PCA) was performed based on five
parameters (1000 fruit weight, hectoliter mass, percentage of fruits
with a diameter of 3.25≥ 3.5 mm, germination capacity, and the per-
centage of fresh non-germinating seeds). The results of PCA were used
to identify genotypes with outstanding characteristics. All analyses
were performed in Statistica 13 (TIBCO Software Inc, 2017).

The analysis of variance of all tested parameters (thousand-fruit
weight, bulk density of seeds/fruits, fruit uniformity, germination en-
ergy, germination capacity, non-germinated (fresh) seeds, mean ger-
mination time, germination vigor index, germination value and ger-
mination energy and germination capacity after CDT) revealed
significant effects of genotype, year, and genotype × year interaction at
P≤ 0.001. However, the aim of the study was to determine differences
between the analyzed genotypes and to identify genotypes with the
most desirable physical and physiological properties of seeds; therefore,
only the main effects were discussed, whereas the interaction between
the above factors was disregarded.

3. Results

3.1. Weather conditions in growing cycles

Weather conditions during the growing cycle of 2015–2018 are
presented in Table 2. Precipitation levels in growing cycles were eval-
uated with the use of Selyaninov’s hydrothermal coefficient (HTC)
(Wilhite and Pulwarty, 2017) which was calculated by dividing total
precipitation in the analyzed period by total temperature (T) during

Table 1
Crambe genotypes evaluated in the study (2015–2018).

Genotype number Name Form

1 Elst2007-3 line
2 Elst2007-9 line
3 Elst2007-16 line
4 Elst2007-8 line
5 Elst2007-7 line
6 Elst2007-2 line
7 PRI-9104-71 line
8 PRI-9104-100 line
9 Nebula cultivar
10 Galactica cultivar

Table 2
Precipitation and temperature during growth stages of crambe in four con-
secutive growing cycles (2015–2018).

Specification Years Growth stages

A B C D E

Mean temperature (°C) 2015 10.9 16.1 16.4 18.3 14.7
2016 11.0 19.2 17.3 19.2 15.4
2017 10.8 17.0 17.2 19.7 14.8
2018 15.8 18.7 17.7 20.7 17.8

Precipitation (mm) 2015 72.3 1.7 44.9 100.9 219.8
2016 108.3 24.9 167.8 100.2 401.1
2017 70.6 6.8 85.8 72.0 235.2
2018 48.4 2.6 20.0 64.4 135.4

HTC 2015 1.35 0.08 1.19 1.58 1.25
2016 2.05 1.18 2.15 2.49 2.09
2017 1.12 0.67 1.31 1.52 1.27
2018 0.71 0.15 0.50 1.07 0.74

A – sowing to stem elongation, B – stem elongation to beginning of flowering, C
– beginning of flowering to end of flowering, D – end of flowering to full ri-
peness, E – sowing to full ripeness, HTC - Selyaninov’s hydrothermal coefficient.
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that period, and the resulting quotient was multiplied by 10: HTC =
(ΣP/ΣT)×10 (Selyaninov, 1928). Growing cycles were divided into the
following categories based on the calculated values of HTC: extremely
dry – k ≤ 0.40; very dry –0.41< k ≤ 0.70; dry –0.71< k ≤ 1.0; quite
dry –1.01< k ≤ 1.30; optimal – 1.31< k ≤ 1.60; quite wet – 1.61< k
≤ 2.0; wet – 2.01< k ≤2.5; very wet – 2.51< k ≤ 3.0; extremely wet
– k>3.01 (Skowera, 2014).

Weather conditions varied considerably in the analyzed growing
cycles. Based on the calculated values of HTC, 2015 and 2017 were
characterized by nearly optimal precipitation and temperature.

Favorable weather conditions for the growth and development of
crambe persisted throughout the growing cycles of 2015 and 2017,
excluding the second stage of vegetative growth between stem elon-
gation and the beginning of flowering (Fig. 1). This stage was char-
acterized by precipitation deficit, in particular in 2015, but its effects
were somewhat alleviated by residual water from previous periods and
moderate temperatures in both years (Table 2). The growing cycle of
2016 was wet, and precipitation was particularly high in the second
half of the generative growth phase, i.e. between the end of flowering
and full ripeness. The growing cycle of 2016 was also warm, with the

Fig. 1. Selected growth stages of crambe: a – rosette stage (sowing to stem elongation), b – end of stem elongation (stem elongation to the beginning of flowering), c –
end of flowering (beginning of flowering to end of flowering), d – seed ripening (end of flowering to full seed ripeness).
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highest total average temperature during the study. Weather conditions
were least favorable in the growing cycle of 2018 due to precipitation
deficit in all stages of plant development, in particular between stem
elongation and the end of flowering. In 2018, precipitation was highest
in the last stages of generative growth, and it was accompanied by high
temperatures (Table 2).

The variations in weather conditions across growing cycles (such as
prolonged initial growth due to ground frost in 2017) exerted a greater
influence on the growth and development of crambe than varietal traits.
The evaluated genotypes were characterized by growing cycles of si-
milar length (Fig. 2). The vegetative stage was somewhat prolonged and
the generative phase was somewhat shorter in breeding lines 1, 6 and 7.

3.2. Physical properties of fruits

The thousand-fruit weight of crambe reached 7.0 g on average
during the 4-year experiment, and was significantly higher in 2016 than
in the remaining years (Table 3). Crambe fruits harvested in 2015 were
characterized by the lowest weight, which was 1.23 g lower (16%) than
in 2016. Breeding lines 6, 7 and 1 were characterized by the heaviest
fruits. Fruit weight also exceeded 7 g in lines 3 and 4. The lightest fruits
were noted in line 2.

The bulk density of crambe fruits was negatively correlated with
1000 fruit weight (Tables 3 and 5). Bulk density was highest in crambe
fruits harvested in 2015, whereas lower values of this parameter were
noted in fruits harvested in 2016 and 2017. Bulk density was lowest in
the fruits of breeding lines with the highest 1000 fruit weight. The only
exceptions were lines 3 and 4 whose fruits were characterized by re-
latively high weight and bulk density.

Fruit weight was correlated with fruit size (Table 6). In 2016, the
proportion of fruits with a diameter of> 3.5mm was significantly
higher than the proportion of fruits from the remaining size fractions
(Fig. 3), which decreased fruit uniformity in the batch due to more even

distribution of variously sized fruits (Table 3). Very large and large
fruits were the predominant fractions (> 3.25mm). Fruit uniformity
was highest in 2015 due to a predominance of the smallest fruits
(< 3.25mm).

Cultivar Galactica and breeding line 8 were characterized by the
highest fruit uniformity and high proportions of small and very small
fruits. Fruit uniformity was lowest in lines 1, 6 and 7 which were
characterized by the highest proportion of large and very large fruits,
and the lowest proportion of very small fruits in all years of the

Fig. 2. Duration of growth stages in the evaluated crambe accessions during four consecutive years of cultivation.

Table 3
Thousand-seed weight, bulk density of fruits, and fruit uniformity of 10 crambe
genotypes during four consecutive years of cultivation (2015–2018) (means for
years and means for genotypes).

Parameter Thousand seed
weight [g]

Bulk density of fruits
[g·dm-3]

Uniformity of fruits
[%]

Years
2015 6.45D 331A 87A
2016 7.68A 301C 58D
2017 7.16B 301C 70C
2018 6.77C 312B 74B
Genotype
1 7.33ab 293f 68e
2 6.48e 308de 73b
3 7.14bc 336a 73b
4 7.22bc 323bc 70cd
5 6.68de 303e 72bc
6 7.66a 297f 69de
7 7.48ab 296f 68e
8 6.59de 309de 77a
9 6.88cd 327b 73b
10 6.70de 321c 78a

Means with the same letters do not differ significantly at P ≤ 0.05 in Tukey’s
HSD test; lower case letters denote differences between genotypes; upper case
letters denote differences between seasons.
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experiment (Fig. 3).

3.3. Seed germination and vigor

Crambe seeds germinated rapidly, and maximum potential of ger-
mination peaked within 3–4 days during the test (up to the first
counting – GE). The highest germination capacity was noted in seeds
harvested in 2015, and the lowest – in seeds harvested in 2017. The
observed differences in germination capacity resulted mainly from the
high proportion of fresh non-germinating seeds. Seed viability in all
years of the study was estimated at 97–98% when the above differences
were taken into account (Table 4).

Most of the evaluated crambe genotypes were characterized by high
germination capacity. The highest germination capacity and the smal-
lest number of fresh non-germinating seeds were noted in lines 5, 6 and
7 in all years of the study. Genotypes 2, 3 and 4 were characterized by a
high proportion of dormant seeds.

The average germination time was 2.24 days. Crambe seeds har-
vested in 2015 and 2016 germinated significantly more rapidly than
those harvested in the remaining years, and line 2 seeds were char-
acterized by significantly shorter germination time than the seeds of
lines 1 and 3, but the observed differences spanned hours (2−4 h) ra-
ther than days.

The remaining germination parameters were bound by highly sig-
nificant positive correlations with the percentage of germinated seeds.
Differences in germination rates could not be captured due to very short

Table 4
The results of standard germination tests for the seeds of 10 crambe genotypes during four consecutive years (2015–2018) (means for years and means for genotypes).

Parameter Germination energy [%] Germination capacity
[%]

Non-germinated (fresh) seeds
[%]

Mean germination time
[days]

Germination vigor index Germination value

Years
2015 95A 96A 2C 2.16B 45.9A 562A
2016 83B 84B 13B 2.20B 40.2B 428B
2017 77C 78C 20A 2.29A 35.8C 346D
2018 84B 85B 12B 2.32S 39.6B 376C
Genotype
1 87ab 88ab 9bc 2.28a 40.6abc 444ab
2 79d 80d 17a 2.18b 38.6cd 393cd
3 76d 77d 20a 2.28a 36.0e 337e
4 80cd 80cd 19a 2.25ab 37.5de 375de
5 90a 91a 8bc 2.23ab 43.2a 477a
6 90a 90a 7c 2.26ab 42.2abc 461ab
7 89a 90a 7c 2.23ab 42.8a 476a
8 88ab 89ab 10bc 2.20ab 42.3a 457ab
9 84bc 85bc 12b 2.24ab 39.7bcd 418bcd
10 87ab 88ab 9bc 2.27ab 40.9abc 442abc

Means with the same letters do not differ significantly at P ≤ 0.05 in Tukey’s HSD test; lower case letters denote differences between genotypes; upper case letters
denote differences between seasons.

Table 5
Seed germination after the controlled deterioration test (CDT) of 10 crambe
genotypes during four consecutive years (2015–2018) (means for years and
means for genotypes).

Parameter Germination energy [%] Germination capacity [%]

Years
2015 49AB 50AB
2016 46B 48B
2017 53A 53A
2018 49B 51AB
Genotype
1 71a 74a
2 44de 45de
3 28f 29f
4 38e 38e
5 57bc 58bc
6 62b 64b
7 64ab 66b
8 38e 39e
9 39e 41e
10 49cd 52cd

Means with the same letters do not differ significantly at P ≤ 0.05 in Tukey’s
HSD test; lower case letters denote differences between genotypes; upper case
letters denote differences between seasons.

Table 6
Matrix of correlation coefficients between selected parameters of crambe fruits/seeds.

Variable BD > 3.5 mm 3.25-3.5 mm 3.0-3.25 mm <3.0mm Uniformity GE GC MGT GVI GV CDT1

Thousand fruit weight - TFW −0.50** 0.79*** 0.74*** −0.56*** −0.79*** −0.84*** −0.28 −0.27 0.16 −0.28 −0.26 0.23
Bulk density - BD −0.59*** −0.72*** 0.46** 0.71*** 0.64*** 0.18 0.17 −0.19 0.18 0.22 −0.59***
> 3.5 mm 0.55*** −0.84*** −0.62*** −0.80*** −0.11 −0.10 −0.06 −0.08 −0.05 0.26
3.25-3.5 mm −0.38* −0.95*** −0.64*** −0.29 −0.27 0.38* −0.32* −0.35* 0.62***
3.0-3.25 mm 0.30 0.58*** 0.03 0.02 −0.01 0.03 0.01 −0.18
< 3.0mm 0.71*** 0.29 0.28 −0.27 0.30 0.31* −0.57***
Uniformity of fruit size 0.47** 0.46** −0.16 0.43** 0.44** −0.16
Germination energy - GE 1.00*** −0.48** 0.98*** 0.94*** 0.16
Germination capacity - GC −0.46** 0.97*** 0.94*** 0.18
Mean germination time -

MGT
−0.63*** −0.71*** 0.15

Germination vigor index -
GVI

0.97*** 0.12

Germination value - GV 0.14

(*significant at P≤ 0.05; **significant at P≤ 0.01; ***significant at P≤ 0.001; 1CDT - controlled deterioration test).
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germination times in all genotypes and all years of the study.
Germination capacity decreased to approximately 50% after the

controlled deterioration test and was highly stable across years. The
greatest decrease was noted in the seeds harvested in 2015 due to very
high germination capacity before the test. Crambe seeds harvested in
2017 were characterized by the highest germination capacity after the
controlled deterioration test and the lowest decrease in germination
capacity due to low baseline values (Table 5).

Principal component analysis confirmed the highest 1000 fruit
weight and the highest proportion of very large seeds (> 3.25mm) in
genotypes 6, 7 and 1. It also demonstrated a higher proportion of fresh
non-germinating seeds in genotype 3 and, in selected years
(2016–2018), also in genotype 4 (Fig. 4). In each year, PC1 and PC2
explained 80.47% (2017) to 94.98% (2018) of variance. This result
indicates that the analyzed relationships were statistically significant.
Therefore, it should be assumed that they were not random or acci-
dental.

4. Discussion

The physiological quality of crambe fruits should be analyzed in
detail to guarantee success in the production of crambe seeds and oil.
Based on the results of a long-term field study, Fontana et al. (1998)
concluded that seed germination and seedling emergence are the cri-
tical stages in the growth and development of crambe. Crambe is
characterized by high germination capacity (> 90%) under laboratory
conditions, but this parameter could be compromised under exposure to
varied weather conditions in the field. In crambe, seedling emergence,
plant density, the number of seeds per plant, and 1000 seed weight are
the critical determinants of seed and oil yield because they affect final
plant density. Seedling emergence and plant density are closely and
highly correlated due to infrequent decline of emerged seedlings
(Fontana et al., 1998). Seed vigor influences plant density as well as
plant growth, development and yields (Soares et al., 2018). Fontana
et al. (1998) demonstrated that high seed vigor, which supports the
achievement of the desired plant density in the field, compensated for
the reduced oil content of seeds across analyzed accessions and influ-
enced oil yield per unit area. For this reason, breeding programs should
aim to improve the physiological quality of crambe seeds, which will
stabilize plant density under varied field conditions and improve seed
and oil yields. Plant density per unit area determines the number of
fruits per plant. However, a negative correlation between these yield
components weakens their direct effect on seed and oil yields (Fontana
et al., 1998; Jankowski and Budzyński, 2003).

Considerable progress has been made in breeding new crambe
varieties despite certain species-related limitations (Mastebroek and
Lange, 1997). New varieties and breeding lines with enhanced quality
traits have been developed, and their performance under varied field

conditions should be evaluated. Vollmann and Ruckenbauer (1993) and
Mastebroek and Lange (1997) demonstrated that crambe yields are
highly sensitive to habitat conditions.

The results of the present study indicate that crambe plants pro-
duced the largest and heaviest fruits in years characterized by high total
precipitation and high temperature during flowering as well as high
precipitation and moderate temperatures during seed ripening (2016
and 2017). Environmental conditions exerted a far greater influence on
fruit size and weight than genotype, but accessions 1, 6 and 7 produced
large and heavy fruits in all years of the study. In these genotypes, the
generative phase of plant growth was somewhat delayed and flowering
was somewhat shortened in the climate of Central-Eastern Europe.
Meijer et al. (1999) reported that 1000 seed weight was considerably
affected by high insolation during seed filling. In their study, seed
weight was not affected by plant density, which suggests that this
parameter is determined by the amount of solar radiation intercepted
by siliques. The above authors noted that the seeding rate exerted a
much greater influence on the number of seeds per plant, in particular
in early maturing genotypes. In many species, 1000 seed weight is re-
garded as a critical yield component, but Fontana et al. (1998) and
Jankowski and Budzyński (2003) demonstrated that this trait was not
correlated with seed yield or oil yield in crambe, which is why selective
breeding for higher 1000 seed weight is unlikely to increase yields in
this species. Fontana et al. (1998) reported a positive correlation be-
tween fruit hectoliter mass and fruit yield, and suggested that this trait
is an important yield component in crambe. Hectoliter mass (volume of
seeds/fruits per unit) is generally negatively correlated with 1000 seed/
fruit weight, which was also demonstrated in this study (r=-0.50). The
only exception was genotype 3 which was characterized by relatively
high 1000 fruit weight as well as high hectoliter mass.

In this study, the seeds of the analyzed crambe genotypes were
characterized by high germination capacity which was correlated with
weather conditions during the growing cycle. In the wet year of 2017,
germination capacity was significantly lower due to a higher proportion
of fresh non-germinating seeds. Seed viability was estimated at 97–98%
in all years of the study when the above parameter was taken into ac-
count. Dormant seeds were also reported in other crambe genotypes
(Costa et al., 2012; Gutormson et al., 1992). In the current study,
considerable variation in the proportion of dormant seeds was noted
across years, which corroborates the findings of Gutormson et al.
(1992). In this study, lines 2, 3 and 4 were characterized by a sig-
nificantly higher proportion of dormant seeds, and this trait was stable
and least sensitive to weather conditions in line 3. Potassium nitrate
(KNO3) has been recommended by ISTA (2013) for breaking seed
dormancy in crambe germination tests. However, Skaggs and Larsen
(1969) did not report dormant seeds in any crambe accessions in the
USA, they did not confirm the enhancing effect of KNO3 on seed ger-
mination, and did not recommend KNO3 in the methodology for

Fig. 3. Size fractions of crambe seeds in four consecutive growing cycles (means for years and means for genotypes).
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laboratory germination tests for the AOSA. Gutormson et al. (1992)
evaluated various laboratory methods for breaking seed dormancy in
conventional germination tests and reported that 0.2% KNO3 solution
was most effective in stimulating the germination of freshly harvested
crambe seeds. The KNO3 solution did not completely eliminate dormant
seeds, but unlike gibberellic acid solution, it had no adverse effect on
germination percentage. In a study analyzing the quality of stored
crambe seeds, Nunes et al. (2015) observed that the application of 0.2%
KNO3 solution did not affect the results and concluded that this
moistening agent should not be used in seeds stored for longer than 9
months. According to Gutormson et al. (1992), the dormancy me-
chanism of crambe seeds is influenced primarily by physical restric-
tions. Nunes et al. (2015) ruled out the limiting effect of the pericarp
whose removal induced only a minor increase in germination rate. The
pericarp is easily removed in an industrial setting, but this operation
increases the risk of mechanical seed damage, which could decrease
germination capacity, contribute to the spread of fungal infections and

compromise seedling health.
Standard germination tests are most widely applied to evaluate the

physiological quality of seeds, but they do not provide full information
about the health status of seeds and their responses to sub-optimal
environmental conditions (Still, 1999). However, according to many
authors, germination energy is a robust indicator of the physiological
quality of crambe seeds because it describes germination rate, the first
parameter that deteriorates with a decrease in seed quality (Leão et al.,
2016; Taylor, 2003). In the current study, crambe seeds germinated
rapidly, and germination energy was practically identical after 4 and 7
days of germination. Our results clearly contradict other authors’
findings who reported considerable differences in germination energy
between the first and last day of the germination test (Cruz et al., 2013;
Leão et al., 2016; Silva et al., 2016; Soares et al., 2018). These differ-
ences could be attributed to the high physiological quality of crambe
seeds reproduced in Central-Eastern Europe or variations in the
anatomy or physicochemical properties of the pericarp and/or the seed

Fig. 4. Principal component analysis (PCA) biplots for selected properties of crambe fruits in four consecutive years of cultivation (2015–2018).
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coat which determine the rate of seed imbibition and early embryo
development.

The controlled deterioration test has been recommended by ISTA
(2013) for evaluating seed vigor in the family Brassicaceae. In the test,
seeds imbibed to 20% moisture content are exposed to a temperature of
45°C for 24 h to promote rapid degradation or ageing. The germination
capacity of aged or deteriorated seeds is then determined. However,
according to Araújo et al. (2017), plant species can respond differently
to the test procedure. They demonstrated that the germination capacity
of crambe seeds with 18% moisture content, determined in a 5-day test,
was most similar to their field germination capacity. Terra Werner et al.
(2013) and Lima et al. (2015) proposed a modified deterioration test for
evaluating crambe seed vigor. In the present study, only minor differ-
ences in the vigor of seeds harvested in different years of the experi-
ment were noted after the controlled deterioration test. These findings
suggest that the viability of crambe seeds remained similar and high,
and that the observed differences resulted only from varying propor-
tions of dormant seeds. The controlled deterioration test revealed dif-
ferences in seed vigor of the evaluated crambe genotypes. Interestingly,
large and heavy seeds of genotypes 1, 6 and 7 were characterized by the
highest vigor. The test also revealed the low physiological quality of
seeds representing genotypes 8 and 9 which were characterized by high
germination capacity in the germination test.

The analyzed crambe seeds were characterized by rapid and uni-
form germination, which prevented an effective evaluation of their
germination rates. The first sprouting seeds were observed on the
second day of the germination test, and nearly all viable seeds germi-
nated on day 4. The results were recorded every 24 h, which did not
support the determination of differences between genotypes. These
findings indicate that the germination of crambe seeds should be
evaluated at e.g. hourly intervals, which is difficult to perform in
practice, or with the use of machine vision systems (Leão-Araújo et al.,
2017).

5. Conclusion

The present study demonstrated that crambe grown in north-eastern
Europe produces seeds that are characterized by high reproductive
value, rapid germination and high viability. The results were used to
identify tree breeding lines (Elst2007-2, Elst2007-3 and PRI-9104-71)
with large and heavy fruits and high seed vigor. The germination ca-
pacity of crambe seeds could have been compromised by adverse
weather conditions which shortened the stage of seed formation and
ripening, thus increasing the proportion of healthy non-germinating
(fresh) seeds. Breeding line Elst2007-16, which produced seeds with
desirable physical properties such as high bulk density and mass, was
also characterized by a high proportion of fresh seeds regardless of
weather conditions. The information about the physical properties of
crambe fruits and the physiological quality of seeds could be useful in
breeding programs for selecting crambe genotypes with large seeds and
high reproductive value.
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