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Variability in somatic 
embryo‑forming capacity 
of spinach
Maja Belić1, Snežana Zdravković‑Korać1*, Branka Uzelac1, Dušica Ćalić1, Suzana Pavlović2 & 
Jelena Milojević1

High variability in somatic embryo (SE)‑forming capacity has previously been observed in several 
spinach cultivars. Such variability frequently accounted for more variation in embryogenic response 
of the explants than the factor being investigated. Hence, the variability in embryogenic capacity 
was examined in the present study at both the population and the single‑seedling level, using 
seeds of spinach cultivar Matador obtained from nine European seed companies. Seed population 
obtained from Slovenia (Sl) was superior to others, with the highest regeneration frequency 
(100%) and the highest mean SE number (14.4). A total of 82% of these seedlings had 80–100% of 
regenerating explants, while in populations with intermediate embryogenic capacity approximately 
40% of seedlings had 20–60% of regenerating explants. The explants from the majority of seedlings 
(52–100%) in the least responsive populations were irresponsive. Furthermore, the explants from Sl 
seedlings regenerated from 10–20 (43.5%) up to > 20 (27.6%) SEs on average, while the explants from 
the majority of seedlings belonging to other populations regenerated 1–10 SEs. The present study 
strongly indicates that the variability of plant material must not be overlooked, because choosing 
more responsive individuals for one treatment and less responsive ones for another may lead to 
misinterpretation of the data.

Spinach (Spinacia oleracea L.) is an economically important, green leafy vegetable, used either fresh or processed 
in a human diet. Spinach leaves are highly nutritious, rich in vitamins, minerals, phytochemicals and dietary fib-
bers, thus rendering a spinach-supplemented diet numerous health-promoting  effects1–4. For this reason, spinach 
has become increasingly popular over the past several decades, making a tenfold increase in the production, 
according to the Food and Agriculture Organization (FAO) of the United Nations (https ://faost at3.fao.org/brows 
e/Q/QC/E). It is cultivated worldwide in the temperate regions, in more than 50 countries.

To date, numerous spinach cultivars and hybrids are  available5–7. However, conventional breeding is a slow 
process, especially in plant species with complex sex determination, such as  spinach8. Genetic engineering 
approach is a promising alternative, but it demands an efficient and reproducible regeneration system. Regenera-
tion by somatic embryogenesis was achieved in spinach at the end of the twentieth  century9–13. However, it is still 
recalcitrant to in vitro regeneration; hence high variability in regeneration capacity of numerous spinach cultivars 
has been  reported10,14,15, most likely as a result of individual variability of this trait within the seed populations 
 tested16,17. Accordingly, high variations in the regeneration response of individuals within ecotypes, accessions, 
and even inbred lines have also been reported in numerous plant  species18–20.

In our research on somatic embryogenesis in spinach, random sampling of individuals for different treat-
ments frequently produced inconclusive results, because individual variability accounted for more variation in 
embryogenic response of the explants than a factor being investigated (e.g. light or gibberellin impact on somatic 
embryo induction from the root explants). Such variabilities in embryogenic response are presumably caused 
by genetic and other factors affecting the physiological status of the plant donor material. Thus, annulling the 
variability, e. g. by using genetically uniform plant material grown under the same conditions for all  treatments21 
or by adopting an appropriate sampling method, appears to be a prerequisite for obtaining reliable results.

It was shown that two spinach ribosome-inactivating proteins, SoRIP1 and SoRIP2, were differentially 
expressed during somatic embryo induction and  regeneration22,23. Our previous study showed that SoRIP2 
expression, which peaked in somatic embryos at the globular stage of development, could be used as a reliable 
marker for the assessment of regeneration capacity of the  explants24.
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Therefore, the objective of the present study was to evaluate the importance of inter- and intra-population 
variability in somatic embryo regeneration capacity of spinach root explants and to establish a method for sam-
pling of plant material, to assure the reliability and reproducibility of the obtained results. For experimentation 
in the present study, seeds of spinach cultivar Matador that is widely grown in most of the European countries 
were obtained from nine European seed companies located in Slovenia (Sl), Poland (P), Serbia (Sr), England (E), 
Germany (G), Lithuania (L), Ukraine (U), Russia (R) and Italy (I). In order to test the sampling method of plant 
material for induction of somatic embryogenesis, expression of SoRIP2 marker gene and conventional somatic 
embryos quantification were used.

Results
The nine populations tested in the present study greatly differed in terms of seed germinability, seedling devel-
opment and somatic embryo (SE) regeneration capacity. Among them, L seeds germinated and converted into 
plantlets very quickly (Supplementary Table S1). As many as 64.4% of L seeds germinated within a week, and 
attained 100% germination within 3 weeks of cultivation. By contrast, only 3.7% and 5.9% of I and Sl seeds, 
respectively, germinated after a week, reaching only 53% and 64.4% germinability after 4 weeks. The majority of 
seed populations (E, G, R and U) attained approximately 71–74% germinability, while P and Sr seeds reached 
87% and 90% germinability, respectively, over a 4-week cultivation period.

The root explants were taken from plantlets at 5-leaf stage of development. Seedlings derived from seeds 
obtained from the nine populations required variable periods of time to reach this stage of development; for 
the majority of populations (Sr, E, U, L, R and I) 22–27 days after sowing (DAS), and 32–35 DAS for G, P and Sl 
seedlings (Supplementary Table S1).

According to nested ANOVA, inter- and intra-population differences in embryogenic response were statisti-
cally significant (Supplementary Table S2). The frequency of seedlings regenerating SEs was strongly affected 
by both population (Pη2 = 0.782, p < 0.01) and individual seedling (Pη2 = 0.685, p < 0.01), while population and 
individuals had weaker effect on the mean SE numbers (Pη2 = 0.499, p < 0.01 and Pη2 = 0.376, p < 0.01, respec-
tively), but quite strong effect on the SE-forming capacity (SEFC) indices (Pη2 = 0.732, p < 0.01 and Pη2 = 0.688, 
p < 0.01, respectively).

Regeneration capacity at the population level. The highest frequencies of SE regeneration and their 
lowest intra-population variability were attained within Sl population, while in other populations rather high 
intra-population variabilities were observed, except for R and I populations, which did not regenerate SEs at all 
(Supplementary Fig. S1). However, for the mean SE numbers and the SEFC indices, lower intra- and inter-pop-
ulation variabilities were observed, except for Sl population, which showed the greatest values, but also greater 
variations than other seed populations (Supplementary Fig. S1).

The explants of Sl seedlings regenerated first; 10.3% of these seedlings started regenerating SEs already in 
the 4th week of cultivation, while 70% and 100% of the seedlings responded within the 5th and the 7th week 
of cultivation, respectively (Fig. 1). The explants of other populations started regenerating later: P and Sr in the 
5th, G, E, L, and U in the 6th week of cultivation, while R and I root explants did not regenerate until the end of 
the experiment (Fig. 1). Accordingly, seedlings of less responsive populations reached their highest frequencies 
of regeneration much later than Sl seedlings, attaining 50% responsiveness from 6th (Sr) through 7th (E), 9th 
(P and G) to 10th (L) week of cultivation.

The explants taken from Sl seedlings exhibited the highest frequency of seedling responsiveness (100%), 
followed by P (98%), Sr and E (88%, each), G (60%), L (58%), U (34%), R and I (0%, each) population during a 
12-week period of cultivation (Figs. 1, 2).

Based on the mean SE number per explant, calculated for the whole population, the populations could be 
divided into four groups: (1) Sl population with the highest mean SE number (14.4 SEs on average per explant), 
(2) P, Sr and E populations with 2.6–4.1 SEs per explant, (3) G, L and U populations with only 0.3–0.6 SEs per 
explant, and (4) R and I populations without embryogenic response (Figs. 2, 3). Thus, the populations with 
greater number of responsive seedlings yielded greater number of SEs in the present study for shorter period of 
time than the populations with lesser number of responsive seedlings.

Regeneration capacity at the individual seedling level. The distribution of regeneration frequen-
cies of the explants per seedling showed that the most responsive Sl population consisted of highly responsive 
seedlings, with a high number of embryogenic explants (Fig. 4). Within Sl population, even 82% of seedlings 
had 80–100% of regenerating explants, whereas in populations with intermediate responsiveness (Sr, P and E), 
a number of seedlings (approximately 40%) exhibited an intermediate response with 20–60% of regenerating 
explants, and 21–28% of seedlings were irresponsive (Fig. 4). In the least responsive populations (G, L and U), 
the explants of 52–85% of seedlings were irresponsive, and the explants of only up to 1.3% of the seedlings regen-
erated SEs at the frequencies above 60% (Fig. 4). Finally, R and I seedlings were completely irresponsive (Fig. 4).

The explants of Sl seedlings also regenerated the highest number of SEs: 19.6% of the seedlings regenerated 
1 < n ≤ 10 SEs, while 43.5% and 27.6% of the seedlings regenerated 10 < n ≤ 20 and > 20 SEs per explant (Fig. 5). 
In Sr population, 54.2% and 27.9% of seedlings regenerated 1 < n ≤ 10 and 10 < n ≤ 20 SEs, respectively, while the 
majority of P, E and G lines (73.8%, 59.7% and 36.1%, respectively), regenerated 1–10 SEs. Only 1% of P, E and 
U lines and none of G and L lines regenerated 10 < n ≤ 20 SEs per explant (Fig. 5).

Testing a sampling method of plant material using the expression of SoRIP2 gene. The explants 
of Sl and U populations, with the highest and the lowest embryogenic capacity obtained in the present study, 
were further compared at six time points over the SE induction period using the expression of SoRIP2 gene to 
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Figure 1.  Regeneration frequencies of the root explants assessed over a 12-week cultivation time. The 
explants were taken from seedlings of spinach cv. Matador, derived from seeds obtained from nine European 
seed companies located in: Slovenia (Sl), Poland (P), Serbia (Sr), England (E), Germany (G), Lithuania (L), 
Ukraine (U), Russia (R) and Italy (I). Data represent the mean percentage ± standard error of responsive 
seedlings per population. A seedling was considered responsive if at least one root explant regenerated somatic 
embryos. Fifteen to twenty root explants were taken from each seedling, and 24–30 seedlings were assessed per 
population.
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estimate the level of embryogenic response. In Sl explants, the expression of SoRIP2 increased starting from the 
6th week, reaching a 7.4-fold increase in the 7th week of cultivation on IM, and then decreased to the control 
level. However, in U explants no significant differences in the expression pathern of SoRIP2 were observed dur-
ing the entire course of the experiment (Fig. 6).

In the tissue culture controls, which were set in parallel using identical plant material, the first SEs were 
observed on the Sl root explants in the 7th week of cultivation. Sl root explants regenerated SEs at the frequency of 
80% ± 0, with 7.3 ± 1.0 SEs per explant, while no U explants regenerated SEs during 12-week period of cultivation.

Discussion
The present study showed significant inter- and intra-population variability in embryogenic capacity of the root 
explants taken from seedlings of nine distantly located spinach populations of the same cultivar. The frequencies 
of seedling and explant responsiveness each varied from 0 to 100%, while the mean SE numbers varied between 0 
and 14.4 per population and 0–36 per seedling. Sl population was superior to others, as the explants taken from 
Sl seedlings responded not only with the highest regeneration frequencies and the mean SE numbers, but also 
regenerated SEs earlier than the explants of other populations. In the previous studies, an earlier explant response 
was observed in lines predisposed for efficient somatic  embryogenesis17, and also under optimal light conditions 
(LD photoperiod and light intensity of 100 µmol m−2 s−1) in comparison to unfavourable light conditions (short 
day, SD, photoperiod and lower or higher light intensity)21.

Such a high variability of regeneration capacity was also observed in many plant  species25,26. Several studies 
found high variations in de novo regeneration response among ecotypes in Arabidopsis18,20,27,28. Even individu-
als within inbred or dihaploid lines exhibited variations in embryogenic response, indicating also significant 
impact of physiological status of donor plant material and environmental factors on this  process29–31. Despite it 

Figure 2.  Variable embryogenic response of the root explants isolated from spinach seedlings derived from 
seeds obtained from: (a) Sl, (b) P, (c) U and (d) R populations, after 8 weeks of cultivation on IM. H heart-
shaped somatic embryo, C cotyledonary-stage somatic embryo, G germinated somatic embryo, P somatic 
embryo-derived plant. Bars = 1 cm.
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Figure 3.  The mean somatic embryo number per explant regenerated from the explants cultivated on IM for 
12 weeks. Seeds of spinach cultivar Matador were obtained from nine European seed companies located in: 
Slovenia (Sl), Poland (P), Serbia (Sr), England (E), Germany (G), Lithuania (L), Ukraine (U), Russia (R) and 
Italy (I). Fifteen to twenty root explants were taken from each seedling, and 24–30 seedlings were assessed per 
population. Data represent the mean value ± standard error, calculated for the whole population. Data denoted 
with different letters are statistically significant according Fisher’s LSD post hoc test for P ≤ 0.05.
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Figure 4.  Frequency distribution of the proportion of seedlings belonging to six classes of the regeneration 
frequencies for nine populations of spinach cultivar Matador from Slovenia (Sl), Poland (P), Serbia (Sr), England 
(E), Germany (G), Lithuania (L), Ukraine (U), Russia (R) and Italy (I). The root explants were cultivated on IM 
for 12 weeks. Fifteen to twenty root explants were taken from each seedling, and 24–30 seedlings were assessed 
per population. Regeneration percentages of the root explants were determined for every seedling and then 
percentage data were sorted in the following classes: n = 0, 0 < n ≤ 20%, 20 < n ≤ 40%, 40 < n ≤ 60%, 60 < n ≤ 80% 
and 80 < n ≤ 100%. Data represent the proportions of seedlings belonging to each class of regeneration 
frequencies per population.

Frequency distribution (%)

noitalupoP

0 20 40 60 80 100

Sl

P

Sr

E

G

L

U

R

I

n=0 0 n 1 n 10 10 n 20 n 201

Figure 5.  Frequency distribution of the proportion of seedlings belonging to five classes of the mean somatic 
embryo numbers per explant. Seedlings of nine populations of spinach cultivar Matador from Slovenia (Sl), 
Poland (P), Serbia (Sr), England (E), Germany (G), Lithuania (L), Ukraine (U), Russia (R) and Italy (I) were 
tested. The root explants were cultivated on IM for 12 weeks. Fifteen to twenty root explants were taken 
from each seedling, and 24–30 seedlings were assessed per population. The mean SE numbers per explant 
were calculated for each seedling and classified in the appropriate class: n = 0, 0 < n ≤ 1, 1 < n ≤ 10, 10 < n ≤ 20, 
and n > 20. Data represent the proportions of seedlings belonging to each class of the mean SE numbers per 
population.
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is known for a long time that natural genetic variations may tremendously impact de novo plant  regeneration32, 
and the underlying mechanism of this phenomenon has been intensively studied, it has not been elucidated to 
 date33. The involvement of diverse proteins, whose genes are differentially expressed in lines with a high capacity 
for de novo regeneration, has been reported, including ferredoxin-nitrite  reductase34, superoxide  dismutase35, 
DELLA  proteins36, a leucine-rich repeat receptor-like  kinase20,  thioredoxin28 or histone modifying  enzymes37. 
Different functions of these proteins, and possible involvement of environmental factors on regulation of their 
expression, implicate a complex nature of the initiation of de novo regeneration, which include a network of 
hormone signalling and chromatin remodelling, followed by the modulation of gene expression, hormone levels, 
and redox  homeostasis18,20,28,33,37–40.

Variability in embryogenic capacities observed in the present study shows that care has to be taken in choos-
ing plant material for experimentation, because choosing more responsive individuals for one treatment and 
less responsive ones for another may lead to misinterpretation of the obtained results. For this reason, in a 
previous  study21 we used genetically identical spinach donor plants, grown under the same conditions, to study 
the effect of light on SE regeneration from the root sections, and undoubtedly demonstrated that light, in terms 
of photoperiod and light intensity, strongly affected embryogenic capacity of the root explants of spinach, with 
LD conditions and light intensity of 100 µmol m−2 s−1 being optimal. By contrast, Geekiyanage et al.41 found 
bud regeneration from the cotyledonary explants of spinach cv. Longstanding Bloomsdale Dark Green grown 
under SD conditions to be more efficient. These discrepancies may be due to different light requirements of the 
root and cotyledonary explants for induction of de novo regeneration. However, nearly all differences among 
treatments in the study of Geekiyanage et al.41 were statistically insignificant, indicating that this may be due to 
a high variability of the plant material.

Nevertheless, it is not always possible to obtain enough plant material of the same lines for experimentation, 
thus we sought for a sampling method to annul variability among the plants. In order to examine the usefulness 
of a new sampling method of the explants, we used expression of SoRIP2 to quantify embryogenic response of 
the explants, as well as a conventional counting of SEs.

The results on SoRIP2 expression profile data were as expected and in agreement with conventional SE 
counting, indicating that the used plant sampling method was adequate. The expression of SoRIP2 gene was 
significantly higher in Sl explants cultivated on IM for 6–7 weeks than in control, indicating the presence of 
globular to early cotyledonary stage SEs in these explants.

Surprisingly, both tissue culture and SoRIP2 expression data showed that the explants taken from Sl seed-
lings for this experiment had as much as twice lower embryogenic capacity than was expected according to the 
results obtained in the previous experiment. This result indicates instability of regeneration response even in 
the population which was found to be superior in the present study. However, the mean SE number per explant 
obtained in this experiment was still almost two-fold higher than that of the second best population tested in 
the present study.

The highest increase in the expression of SoRIP2 in Sl samples preceded the appearance of the first discern-
ible (by a stereomicroscope) SEs for a week. This is also in accordance with the previous study, which showed 
the highest expression of SoRIP2 in SEs at the globular stage of development, when they are embedded in the 
root proliferations and could be hardly observed even by a  stereomicroscope24. Delayed response of the explants 
chosen for SoRIP2 expression in the present study was another indicator of lower embryogenic capacity of these 
seedlings.

The present study strongly indicates that the variability of plant material must not be overlooked, because it 
may significantly affect the interpretation of the results. Also, the sampling method used in the present study was 
appropriate, thus also proving to be useful in the case when only seedlings of unknown embryogenic capacities 
are available as plant material. However, we recommend testing each seed lot in a preliminary study before setting 
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Figure 6.  Expression profile of SoRIP2 gene during somatic embryo induction from the root sections of Sl and 
U seedlings, cultivated on IM for 3–8 weeks. The expression was normalized to the expression of the α-tubulin 
gene, and calculated relative to the expression of the SoRIP2 gene in the respective explants cultivated on IM 
for 3 weeks, using ΔΔCt method. Data represent mean values ± standard error of three independent biological 
samples, each with 3 technical repetitions. Values marked with asterisk are significantly different (p ≤ 0.05) from 
the control according to t-test for dependent samples.
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up any experiments on somatic embryo induction in spinach. Using this approach, we were able to successfully 
study synergistic effect of light and gibberellins on somatic embryogenesis in  spinach42.

Conclusions
To conclude, a high variability of embryogenic capacity was observed both within and among the nine selected 
populations of spinach cultivar “Matador”. The cause of this variability is presently unknown and further experi-
ments are needed to clarify this point. Among the populations tested, the explants taken from Sl seedlings exhib-
ited the highest embryogenic capacity because they responded with high frequency of regeneration, producing 
high number of SEs. However, further testing of a new seed lot, by both conventional SE counting and using 
the expression of the marker gene, specifically expressed in the globular to early cotyledonary explants, showed 
lesser embryogenic capacity, indicating that this trait can vary from lot to lot, thus suggesting the necessity of 
preliminary testing of the plant material at the beginning of any research. A method for explant sampling was 
proposed, which proved to be adequate in the present study.

Materials and methods
Basal and induction medium content. The basal medium (BM) contained full strength macro and 
micro salts according to Murashige and  Skoog43, 20 g/l sucrose, 100 mg/l myo-inositol, 2 mg/l thiamine, 2 mg/l 
pyridoxine, 5 mg/l nicotinic acid and 2 mg/l adenine. Somatic embryo (SE) induction medium (IM) contained 
BM supplemented with 20 μM α-naphthaleneacetic acid (NAA) and 5 μM gibberellic acid  (GA3).  GA3 was dis-
solved in absolute ethanol, sterilized by filter-sterilization (0.22 μm, Merck Millipore, Billerica, MA, USA) and 
added to the sterilized medium cooled to approximately 40 °C. The pH was adjusted to 5.5 before media steriliza-
tion. The media were gelled with 0.7% agar and sterilized at 114 °C (80 kPa) for 25 min.

Plant material. Seeds of spinach cultivar Matador, obtained from nine European seed companies, located 
in Slovenia (Sl), Poland (P), Serbia (Sr), England (E), Germany (G), Lithuania (L), Ukraine (U), Russia (R) and 
Italy (I) were used in the present study (Supplementary Table S1). The seeds were produced in the same season 
and were stored in the same dry place at room temperature after arrival to our laboratory.

Seedlings derived from seeds of each seed company were considered a population. The seeds were sterilized 
and germinated as was described  previously17. Briefly, the seeds were washed up with running tap water and a 
commercial detergent (Fairy, Procter and Gamble Co.), surface sterilized in a 30% bleach solution (4% NaClO) 
for 30 min, followed by 15% bleach solution for 15 min and then rinsed three times with sterile distilled water, 
blotted dry on a sterile filter-paper and planted in 90-mm Petri-dishes containing plant growth regulator (PGR)-
free BM for germination. Seedlings with fully developed 5 leaves and branched root system were used as a donor 
material of the root explants.

Regeneration procedure and culture conditions. For induction of somatic embryogenesis, 1-cm-long 
apical fragments of the lateral roots were isolated and cultivated on IM. The root explants were taken from 24–30 
seedlings, randomly chosen from each seed population using three seed lots. Each seedling was considered an 
individual line. From each seedling, 15–20 root explants were taken and cultivated in Petri-dishes (5 explants per 
dish), thus 400–500 root explants were cultured per population. The explants were subcultured on fresh IM at 
4-week intervals over a 12-week period. SEs were counted with the aid of a stereomicroscope at the end of each 
subculture and then removed from the root explants.

All cultures were exposed to a long-day (16 h light and 8 h dark) photoperiod and were maintained under dif-
fuse light provided by cool white fluorescent tubes, with a photosynthetic photon flux density of 100 μmol m−2 s−1 
at 25 ± 2 °C.

Recordings and data analysis. In the present study, a completely randomised design was used for culture 
placement. For transforming data to normality, percentage data were subjected to angular and SE number data 
to square root transformation prior to analyses. Kolmogorov–Smirnov test was used for testing normal distribu-
tion fitting of the data. The mean values were back-transformed for presentation. In order to assess the signifi-
cance of population and individual seedlings effect on the embryogenic capacity, nested ANOVA was used. The 
ability of the explants to regenerate SEs (referred to as “embryogenic capacity” or “embryogenic response”) was 
evaluated through three dependent variables: the frequency of regeneration, the mean SE number and an index 
of SE-forming capacity (SEFC). The index of SEFC was used to assess cumulative effect of both the frequency of 
regeneration and the mean SE number, and was calculated as follows: SEFC = (mean SE number per explant × % 
of regenerating explants)/100. The effect size of population and individuals on each dependent variable was 
estimated using the partial Eta-squared (Pη2) value.

To assess the regeneration capacity of a population, the regeneration frequency, the mean SE number and 
the index of SEFC were calculated per seedling. A seedling was considered responsive if at least one root explant 
regenerated SEs. Regeneration frequency was calculated as the proportion of responsive seedlings among the total 
number of seedlings tested. The regeneration frequencies and the SEFC indices were calculated per biological 
repetition and then the mean number was calculated for each population. The regeneration frequencies were 
recorded on weekly bases for each of the nine populations tested. The SE number was calculated per explant for 
the entire 12-week cultivation period and then the means were calculated per population. Statistical significance 
among populations was tested by one-way ANOVA and the means were separated using Fisher’s LSD post hoc 
test for P ≤ 0.05.

To assess the regeneration frequency at the seedling level, regeneration frequencies and the SEFC indices were 
calculated per Petri-dish, while the mean SE number was calculated per explant. Regeneration percentages of 
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root explants were determined for each seedling and then percentage data were sorted in the following classes: 
n = 0, 0 < n ≤ 20%, 20 < n ≤ 40%, 40 < n ≤ 60%, 60 < n ≤ 80% and 80 < n ≤ 100% and presented as portions of seed-
lings belonging to each regeneration frequency class. The mean SE numbers per explant were calculated for each 
seedling, classified in the appropriate class: n = 0, 0 < n ≤ 1, 1 < n ≤ 10, 10 < n ≤ 20, and n > 20, and the distribution 
frequencies of seedlings belonging to each class were presented for each seed population.

Testing the sampling method of plant material using the expression of SoRIP2 gene. Con-
cerning high variability in embryogenic capacity among the seedlings, a sampling method was established in the 
present study in order to annul diversity of embryogenic capacity among the randomly chosen seedlings. Equal 
number of root explants taken from each seedling was subjected to all treatments. At least ten randomly chosen 
seedlings were used per each of three biological repetitions.

The sampling method was tested using the expression of a marker gene specifically expressed in somatic 
embryos at the early stages of development (SoRIP2) and conventional SE counting to estimate the embryogenic 
capacity of the explants. Seedlings of Sl and U populations, with the highest and the lowest embryogenic capaci-
ties, were used for this analysis. One-cm-long apical fragments of the lateral roots were isolated and cultivated on 
IM for 3, 4, 5, 6, 7 or 8 weeks. The root explants were harvested 4 h after the light was turned  on24, frozen in liquid 
nitrogen and kept at − 80 °C until RNA isolation. Tissue culture controls for the measurement of embryogenic 
capacity by SE counting were prepared in parallel and used for a comparison with SoRIP2 expression data. The 
control cultures were prepared for each biological repetition and maintained for 12 weeks on IM with 4-week 
subcultivations, as described above.

Total RNA was extracted from 150 mg of root tissue, following the procedure of Gašić et al.44. The obtained 
RNA samples were treated with DNase I (Thermo Scientific, Waltham, MA, USA) at 37 °C for 30 min, in order to 
remove genomic DNA contamination. First strand cDNA was synthesized in a 20-μl reaction mixture containing 
1 µg of total RNA, using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies).

Quantitative real-time RT-PCR (qRT-PCR) was performed in a QuantStudio 3 Real-Time PCR Systems 
(Applied Biosystems), in a 10-μl reaction mixture containing Maxima SYBR Green/Rox qPCR Master Mix 
(Thermo Scientific), 300 nM primers and 1 μl cDNA template. SoRIP2 gene (GenBank accession number 
AB435547.145) specific primers are given in Supplementary Table S3. Thermal cycling conditions for amplifica-
tion were: initial denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing 
at 60 °C for 1 min and extension at 72 °C for 1 min.

Expression of SoRIP2 gene was normalized to the expression of α-TUBULIN (α-TUB, GenBank accession 
number M21414.145) and calculated relative to the expression of the appropriate control according to the ΔΔCt 
 method46. Primers used for amplification of α-TUB-specific sequence are given in Supplementary Table S3. Root 
explants grown for 3 weeks on IM were used as a control. The experiment was conducted in three biological 
repetitions, each with three technical replicates. Statistical significance of gene expression data was tested using 
t-test for dependent samples.

Data availability
All data generated or analyzed during this study are included in this article and its Supplementary Information 
Files.

Received: 15 May 2020; Accepted: 26 October 2020

References
 1. Shohag, M. J. I. et al. Natural variation of folate content and composition in spinach (Spinacia oleracea) germplasm. J. Agric. Food 

Chem. 59, 12520–12526 (2011).
 2. Bondonno, C. P. et al. Flavonoid-rich apples and nitrate-rich spinach augment nitric oxide status and improve endothelial function 

in healthy men and women: a randomized controlled trial. Free Radic. Biol. Med. 52, 95–102 (2012).
 3. Kim, D. H. et al. Molecular mechanism of betaine on hepatic lipid metabolism: Inhibition of forkhead box O1 (FoxO1) binding 

to peroxisome proliferator-activated receptor gamma (PPARγ). J. Agric. Food Chem. 64, 6819–6825 (2016).
 4. Roberts, J. L. & Moreau, R. Functional properties of spinach (Spinacia oleracea L.) phytochemicals and bioactives. Food Funct. 8, 

3307–3640 (2016).
 5. Xu, C. et al. De novo and comparative transcriptome analysis of cultivated and wild spinach. Sci. Rep. 5, 17706. https ://doi.

org/10.1038/srep1 7706 (2015).
 6. Xu, C. et al. Draft genome of spinach and transcriptome diversity of 120 Spinacia accessions. Nat. Commun. 8, 15275. https ://doi.

org/10.1038/ncomm s1527 5 (2017).
 7. The common catalogue of varieties of vegetable species, 35th complete edition (C2016/446/01) pp 579–589. Official Journal of the 

European Union C 323A/1, https ://publi catio ns.europ a.eu/en/publi catio n-detai l/-/publi catio n/e0749 5d7-b6c8-11e6-9e3c-01aa7 
5ed71 a1/langu age-en/forma t-PDF/sourc e-68892 493

 8. Okazaki, Y., Takahata, S., Hirakawa, H., Suzuki, Y. & Onodera, Y. Molecular evidence for recent divergence of X- and Y-linked 
gene pairs in Spinacia oleraceaL. PLoS ONE 14, e0214949. https ://doi.org/10.1371/journ al.pone.02149 49 (2019).

 9. Xiao, X. G. & Branchard, M. Embryogenesis and plant regeneration of spinach (Spinacia oleracea L.) from hypocotyls segments. 
Plant Cell Rep. 13, 69–71 (1993).

 10. Komai, F., Okwe, I. & Harada, T. Somatic embryogenesis and plant regeneration in culture of root segments of spinach (Spinacia 
oleracea L.). Plant Sci. 113, 203–208 (1996).

 11. Knoll, K. A., Short, K. C., Curtis, I. S., Power, J. B. & Davey, J. B. Shoot regeneration from cultured root explants of spinach (Spinacia 
oleracea L.): A system for Agrobacterium transformation. Plant Cell Rep. 17, 96–101 (1997).

 12. Zdravković-Korać, S. & Nešković, M. Organogenesis and somatic embryogenesis in Spinacia oleraceatisue culture. Arch. Biol. Sci. 
Belgrade 50, 183–188 (1998).

 13. Zdravković-Korać, S. & Nešković, M. Induction and development of somatic embryos from spinach (Spinacia oleracea) leaf seg-
ments. Plant Cell Tiss. Organ Cult. 55, 109–114 (1999).

https://doi.org/10.1038/srep17706
https://doi.org/10.1038/srep17706
https://doi.org/10.1038/ncomms15275
https://doi.org/10.1038/ncomms15275
https://publications.europa.eu/en/publication-detail/-/publication/e07495d7-b6c8-11e6-9e3c-01aa75ed71a1/language-en/format-PDF/source-68892493
https://publications.europa.eu/en/publication-detail/-/publication/e07495d7-b6c8-11e6-9e3c-01aa75ed71a1/language-en/format-PDF/source-68892493
https://doi.org/10.1371/journal.pone.0214949


9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19290  | https://doi.org/10.1038/s41598-020-76279-9

www.nature.com/scientificreports/

 14. Al-Khayri, J. M., Huang, F. H., Morelock, T. E., Busharar, T. A. & Gbur, E. E. Genotype-dependent response of spinach cultivars 
to in vitro callus induction and plant regeneration. Plant Sci. 78, 121–126 (1991).

 15. Goto, T., Miyazaki, M. & Oku, M. Varietal variations in plant regenerative potential from protoplasts in spinach (Spinacia oleracea 
L). J. Japan. Soc. Hort. Sci. 67, 503–506 (1998).

 16. Ishizaki, T., Komai, F. & Masuda, K. Screening for strongly regenerative genotypes of spinach in tissue culture using subcultured 
root explants. Plant Cell Tiss. Organ Cult. 67, 251–255 (2001).

 17. Milojević, J. et al. Increased regeneration capacity in spinach lines obtained by in vitro self-fertilisation. Sci. Hortic. 130, 681–690 
(2011).

 18. Zhao, X. Y. et al. Differences in capacities of in vitro organ regeneration between two Arabidopsis ecotypes Wassilewskija and 
Columbia. Plant Cell Tiss. Organ Cult. 112, 65–74 (2013).

 19. Li, J. R. et al. Microspore embryogenesis and production of haploid and doubled haploid plants in carrot (Daucus carota L.). Plant 
Cell Tiss. Organ Cult. 112, 275–287 (2013).

 20. Motte, H. et al. Combining linkage and association mapping identifies RECEPTOR-LIKE PROTEIN KINASE1 as an essential 
Arabidopsis shoot regeneration gene. Proc. Natl. Acad. Sci. USA 111, 8305–8310 (2014).

 21. Milojević, J. et al. Long days promote somatic embryogenesis in spinach. Sci. Hortic. 142, 32–37 (2012).
 22. Ishizaki, T., Megumi, C., Komai, F., Masuda, K. & Oosawa, K. Accumulation of a 31-kDa glycoprotein in association with the 

expression of embryogenic potential by spinach callus culture. Physiol. Plantarum 114, 109–115 (2002).
 23. Kawade, K., Ishizaki, T. & Masuda, K. Differential expression of ribosome-inactivating protein genes during somatic embryogenesis 

in spinach (Spinacia oleracea). Physiol. Plantarum 134, 270–281 (2008).
 24. Milić, M. et al. Expression of the gene for ribosome-inactivating protein, SoRIP2, as a tool for the evaluation of somatic embryo-

genesis in spinach. Plant Cell Tiss. Organ Cult. 129, 483–491 (2017).
 25. Tubić, L. J. et al. High variability in the tissue culture response of root-tips of Allium ascalonicum individuals and optimization of 

the regeneration procedure. Plant Cell Tiss. Organ Cult. 118, 101–110 (2014).
 26. Hnatuszko-Konka, K., Kowalczyk, T., Gerszberg, A., Glińska, S. & Grzegorczyk-Karolak, I. Regeneration of Phaseolus vulgaris 

from epicotyls and hypocotyls via direct organogenesis. Sci. Rep. 9, 6248. https ://doi.org/10.1038/s4159 8-019-42723 -8 (2019).
 27. Candela, M., Velazquez, I., De la Cruz, B., Sendino, A. M. & De la Peňa, A. Differences in in vitro plant regeneration ability among 

four Arabidopsis thaliana ecotypes. Vitro Cell Dev. Biol. Plant 37, 638–643 (2001).
 28. Zhang, H. et al. Thioredoxin-mediated ROS homeostasis explains natural variation in plant regeneration. Plant Physiol. 176, 

2231–2250 (2018).
 29. Bohanec, B. Doubled-haploid onions. In Allium Crop Science: Recent Advances (eds Rabinowitch, H. D. & Currah, L.) 145–157 

(CAB International, Wallingford, 2002).
 30. Popelka, J. C. & Altpeter, F. Evaluation of rye (Secale cereale L) inbred lines and their crosses for tissue culture response and stable 

genetic transformation of homozygous rye inbred line L22 by biolistic gene transfer. Theor. Appl. Genet. 107, 583–590 (2003).
 31. Rakshit, S., Rashid, Z., Sekhar, J. C., Fatma, T. & Dass, S. Callus induction and whole plant regeneration in elite Indian maize (Zea 

mays L.) inbreds. Plant Cell Tiss. Organ Cult. 100, 31–37 (2010).
 32. Armstrong, C. L., Romero-Severson, J. & Hodges, T. K. Improved tissue culture response of an elite maize inbred through back-

cross breeding, and identification of chromosomal regions important for regeneration by RFL P analysis. Theor. Appl. Genet. 84, 
755–762 (1992).

 33. Ikeuchi, M., Ogawa, Y., Iwase, A. & Sugimoto, K. Plant regeneration: Cellular origins and molecular mechanisms. Development 
143, 1442–1451 (2016).

 34. Nishimura, A. et al. Isolation of a rice regeneration quantitative trait loci gene and its application to transformation systems. Proc. 
Natl. Acad. Sci. USA 102, 11940–11944 (2005).

 35. Lim, T. S., Chitra, T. R., Tay, B. H., Pua, E. C. & Yu, H. Molecular characterization of Arabidopsis and Brassica juncea Cu/Zn-
superoxide dismutases reveals their regulation of shoot regeneration. J. Plant Growth Regul. 27, 99–109 (2008).

 36. Lombardi-Crestana, S. et al. The tomato (Solanum lycopersicum cv. Micro-Tom) natural genetic variation Rg1 and the DELLA 
mutant procera control the competence necessary to form adventitious roots and shoots. J. Exp. Bot. 63, 5689–5703 (2012).

 37. Orłowska, A. & Kępczyńska, E. Identification of Polycomb Repressive Complex1, Trithorax group genes and their simultaneous 
expression with WUSCHEL, WUSCHEL-related Homeobox5 and SHOOT MERISTEMLESS during the induction phase of somatic 
embryogenesis in Medicago truncatula Gaertn. Plant Cell Tiss. Organ Cult. 134, 345–356 (2018).

 38. Żur, I. et al. Antioxidant activity and ROS tolerance in triticale (×Triticosecale Wittm) anthers affect the efficiency of microspore 
embryogenesis. Plant Cell Tiss. Organ Cult. 119, 79–94 (2014).

 39. Zieliński, K. et al. The effect of glutathione and mannitol on androgenesis in anther and isolated microspore cultures of rye (Secale 
cereale L.). Plant Cell Tiss. Organ Cult. 140, 577–592 (2020).

 40. Ge, F. et al. Metabolomic and proteomic analysis of maize embryonic callus induced from immature embryo. Sci. Rep. 7, 1004. 
https ://doi.org/10.1038/s4159 8-017-01280 -8 (2017).

 41. Geekiyanage, S., Takase, T., Watanabe, S., Fukai, S. & Kiyosue, T. The combined effect of photoperiod, light intensity and  GA3 on 
adventitious shoot regeneration from cotyledons of spinach (Spinacia oleracea L.). Plant Biotechnol. 23, 431–435 (2006).

 42. Belić, M. et al. Gibberellins and light synergistically promote somatic embryogenesis from the in vitro apical root sections of 
spinach. Plant Cell Tiss. Organ Cult. 142, 537–548 (2020).

 43. Murashige, T. & Skoog, F. A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plantarum 15, 
473–497 (1962).

 44. Gašić, K., Hernandez, A. & Korban, S. RNA extraction from different apple tissues rich in polyphenols and polysaccharides for 
cDNA library construction. Plant Mol. Biol. Rep. 22, 437a–437g (2004).

 45. Kawade, K. & Masuda, K. Transcriptional control of two ribosome—inactivating protein genes expressed in spinach (Spinacia 
oleracea) embryos. Plant Physiol. Biochem. 47, 327–334 (2009).

 46. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real time quantitative PCR and the ΔΔCt method. 
Methods 25, 402–408 (2001).

Acknowledgements
This research was supported by the Ministry of Education, Science and Technological Development of the 
Republic of Serbia through contract No. 451-03-68/2020-14/200007 and a grant given to Maja Belić (Grant 
No. 451-03-1629/2017/2138). The authors are grateful to Mr. Žarko Milojević for help with statistical analysis.

Author contributions
J.M., M.B. and S.Z.K. designed the research. M.B., J.M., B.U., D.Ć., S.P. and S.Z.K. conducted tissue culture 
experiments. M.B. and J.M. performed RT-qPCR analysis and analysed data. J.M., S.Z.K., B.U. and M.B. wrote 
the manuscript. All authors read and approved the final version of the manuscript.

https://doi.org/10.1038/s41598-019-42723-8
https://doi.org/10.1038/s41598-017-01280-8


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19290  | https://doi.org/10.1038/s41598-020-76279-9

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-76279 -9.

Correspondence and requests for materials should be addressed to S.Z.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-76279-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Variability in somatic embryo-forming capacity of spinach
	Results
	Regeneration capacity at the population level. 
	Regeneration capacity at the individual seedling level. 
	Testing a sampling method of plant material using the expression of SoRIP2 gene. 

	Discussion
	Conclusions
	Materials and methods
	Basal and induction medium content. 
	Plant material. 
	Regeneration procedure and culture conditions. 
	Recordings and data analysis. 
	Testing the sampling method of plant material using the expression of SoRIP2 gene. 

	References
	Acknowledgements


