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Abstract

Complex sex determination and a large genome hinder conventional spinach breeding. To
address this challenge, a biotechnological approach could be used to establish a reliable
protocol for somatic embryogenesis and apply genetic tools such as CRISPR. However,
spinach is recalcitrant to somatic embryogenesis, with substantial inter- and intrapopulation
variability in embryogenic capacity. In this study, we assessed the impact of environmen-
tal conditions during donor plant growth on the embryogenic capacity of the resulting
seedlings. Seed populations, selected for differing embryogenic capacities, were sown in
greenhouses at two distinct locations, and cross-pollination was only permitted between
plants of the same origin. The resulting seeds were aseptically sown, and the embryo-
genic capacity of the seedlings’ root apices was determined. Root explants from seedlings
originating from Ukraine and Poland showed low regenerative capacity regardless of culti-
vation locality, with a maximum of 22.71% regenerating explants and 1.3 somatic embryos
per explant. Conversely, seedlings originating from Slovenia exhibited high regeneration
potential, with significant differences between cultivation localities: 89.36% vs. 59.72%
regenerating explants and 12.04 vs. 3.77 somatic embryos per explant. Therefore, the em-
bryogenic capacity in spinach is strongly influenced by environmental conditions during
donor plant growth and could be further increased by manipulating these factors.

Keywords: genotype; embryogenic capacity; environment; somatic embryogenesis;
spinach; Spinacia oleracea

1. Introduction

Spinach (Spinacia oleracea L.) is a diploid, dioecious species belonging to the family
Amaranthaceae [1], with a natural distribution from Afghanistan to the eastern Mediter-
ranean [2]. Primarily cultivated for its foliage, it is consumed fresh or thermally pro-
cessed [3]. In addition to being a major vegetable source of dietary iron (Fe), spinach is rich
in essential vitamins and minerals important for human health [4]. Its diverse functional
and biological properties are largely attributed to its high content of phenolic compounds,
specifically spinacetin, patuletin, and glucuronide derivatives [5,6]. Additionally, recent
studies highlight its potential as a phytoremediator due to its strong capacity to absorb
heavy metals and toxic elements through the root system [7,8].
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The growing global demand for spinach, reflected in both increasing production and
market value, highlights the need for improved cultivation and breeding strategies to
address climate change, water scarcity, and sustainable production challenges [9]. Conven-
tional spinach breeding remains laborious and time-consuming, largely due to its complex
sex determination system [10]. This challenge is further compounded by the relatively large
spinach genome (935.7 Mb), which contains a high proportion of repetitive sequences [11].
As a result, biotechnological and genetic engineering approaches represent promising
alternatives; however, their effective application critically depends on developing a robust
and efficient plant regeneration system.

Somatic embryogenesis is defined as the reprogramming of somatic cells from a
vegetative state to an embryogenic developmental state without gamete formation or
fertilization [12,13]. While rare under natural conditions, in vitro somatic embryogenesis
has been documented across a wide range of plant species. This regeneration pathway
is generally preferred over caulogenesis, as somatic embryos (SEs), unlike adventitious
shoots, are bipolar structures and thus do not require a rooting phase.

However, spinach has always been considered recalcitrant to in vitro regeneration [14-16].
Additionally, substantial variability in regeneration capacity among spinach cultivars [17-19],
as well as among individuals within populations [20-22], has been reported. Although
recent studies have proposed potential mechanisms and strategies to overcome regeneration
recalcitrance in spinach, the exact causes of this phenomenon remain unclear [16]. The
pronounced variability observed among cultivars and individual seedlings further suggests
that recalcitrance is a complex trait that cannot yet be attributed to a single underlying factor.

It is widely accepted that plant cells possess inherent regenerative competence. How-
ever, the acquisition and expression of embryogenic potential are tightly dependent on com-
plex interactions between the genetic background and in vitro culture conditions [12,23].
In this study, “genetic background” was used sensu stricto to represent “genotype” at
different levels: individual, population, and cultivar. Moreover, it is not based on the
plants’ genetic characteristics. In spinach, pronounced genetic variability in embryogenic
capacity—particularly evident in the cultivar “Matador”—hampers the dissection of in-
dividual factors involved in inducing somatic embryogenesis [22,24]. Most studies have
focused on in vitro culture conditions acting directly on cultured explants, with light inten-
sity, photoperiod [24,25], and temperature [26] reported as major determinants of somatic
embryogenesis initiation from different explant types. An extensive body of literature has
documented the effects of such stress-related in vitro culture conditions on somatic embryo-
genesis induction (for review see [27]). In contrast, considerably less attention has been
paid to the environmental conditions experienced by donor plants prior to explant excision,
although a limited number of studies suggest that the donor plant’s growth environment
may also influence subsequent somatic embryogenesis [28-30]. Thus, both genotype and
donor plant environment have been recognized as important factors affecting tissue culture
responses [31].

In a previous study, we reported substantial inter- and intrapopulation variability
in embryogenic capacity in the spinach cultivar Matador [22]. This variability may be at-
tributed to genotypic differences, as well as the diverse climatic conditions under which the
seeds were produced across nine European countries. Additionally, variations in the seeds’
physiological ages at harvest and during storage prior to shipment may have contributed
to the observed differences in embryogenic capacity. To address these issues, we used the
same seed lots as in Beli¢ et al. [22] and cultivated seeds from three selected populations
in two distinct locations. Additionally, cross-pollination between plants was restricted to
individuals within each population, and the resulting seeds were then used to evaluate the
impact of genetic background and maternal environment on embryogenic capacity.
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Therefore, the aim of this study is to assess the impact of environmental conditions
during donor plant growth and seed set on subsequent embryogenic capacity. Special
emphasis is placed on individual variability, which in some cases may account for a greater
proportion of the observed differences in embryogenic response than the experimental
factors under investigation [24].

2. Materials and Methods
2.1. Plant Material

Spinach (Spinacia oleracea L.) seeds were purchased from three European seed com-
panies: Semenarna (Ljubljana, Slovenia), W. Legutka (Jutrosin, Poland), and Nikitovka
Seeds (Slowjansk, Ukraine). The seeds were produced in the same season and stored under
uniform dry conditions at room temperature upon arrival at our laboratory. These seed
lots were selected based on their previously documented differing embryogenic capacities:
high (Slovenia—SL), moderate (Poland—PO), and low (Ukraine—UK) [22].

Sowing was conducted in March in greenhouses at two locations in Serbia, namely
Smederevska Palanka (SP; 44.35° N, 20.94° E) and Belgrade (BG; 44.81° N, 20.48° E),
which were approximately 100 km apart. Seeds were sown at a depth of 2-3 cm, with
spacings of 50 cm between rows and 30 cm between plants after thinning. To prevent inter-
population cross-pollination, plants grown from seeds of different geographic origins were
cultivated in separate, glass-partitioned greenhouse compartments. Mother plants were
grown at both locations using the same substrate and cultivation practices and without
active cooling systems.

The seed production cycle lasted approximately 130 days, with flowering occurring
in May and seed maturation in July. Harvesting, followed by drying and threshing, was
performed when approximately 80% of the seeds reached physiological maturity, and the
resulting seeds were categorized into six experimental groups based on their country of
origin (SL, PO, or UK) and production locality (SP or BG).

2.2. Medium Content

The basal medium (BM) consisted of full-strength Murashige and Skoog [32] macro-
and microsalts (Lachner, Brno, Czech Republic), supplemented with 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 L1 adenine (Sigma-Aldrich, St. Louis, MO, USA). The induction medium
(IM) was prepared by supplementing BM with 20 uM a-naphthaleneacetic acid (NAA,
Sigma-Aldrich) and 5 uM gibberellic acid (GAj, Sigma-Aldrich). GAz was dissolved in
absolute ethanol, filter-sterilized (0.22 um, Merck Millipore, Billerica, MA, USA), and added
to the autoclaved medium once cooled to approximately 40 °C to a final concentration of
5 puM. The pH was adjusted to 5.50 with KOH (Lachner, Brno, Czech Republic) prior to
the addition of 0.7% (w/v) agar (Torlak, Belgrade, Serbia) and subsequent sterilization at
114 °C (80 kPa) for 25 min.

2.3. Seed Sterilization and Culture Conditions

Seeds were washed under running tap water with several drops of a commercial
detergent (Fairy, Procter and Gamble Co., Cincinnati, OH, USA). Subsequently, seeds
were treated with a 40% (v/v) commercial sodium hypochlorite solution (4% NaClO,
Panonia, Pancevo, Serbia) for 3 h, with the solution renewed every hour under continuous
agitation. After sterilization, seeds were rinsed three times with sterile deionized water and
blotted dry on sterile filter paper. The sterilized seeds were then transferred to Petri dishes
containing BM for germination under short-day photoperiods (8 h light/16 h dark) for
7 days, followed by 14 days under long-day photoperiods (16 h light/8 h dark). Cultures
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were maintained under LED panels with a photosynthetic photon flux density (PPFD) of
70 umol m~2 s~! at 25 4 2 °C, and germinated seedlings were individually transferred to a
new Petri dish with fresh BM and cultivated for an additional three weeks under long-day
photoperiods. Seedlings with four fully expanded leaves and a well-developed root system
were used as donor material for explant isolation.

2.4. Regeneration Procedure

Apical root segments (1 cm) from the seedlings’ lateral roots were used to induce
somatic embryogenesis, and approximately 15 to 25 root sections were excised from each
seedling. Explants isolated from a single seedling and the SEs regenerated from them
were considered an individual line, and between 6 and 35 seedlings were used for each
experimental group. All seedlings of the same origin and seed production locality were
defined as a population. Explants were subcultured onto fresh IM at four-week intervals
over a total cultivation period of 12 weeks, and cultures were maintained under the
conditions described above.

2.5. Assessment of Regeneration Capacity

For clarity, the following terminology is used throughout this study: ‘embryogenic
capacity’ refers to the general ability of explants to regenerate SEs, while ‘embryogenic
response’ indicates that explants are able to regenerate SEs in response to SE induction
treatment. To quantitatively describe SE regeneration, two parameters were used: ‘regen-
eration frequency’ (the proportion of explants forming SEs relative to the total number of
explants subjected to SE induction treatment) and ‘the mean SE number per explant’.

Because the number of lateral roots differs among seedlings, the number of explants
collected from each seedling was not identical. Thus, all suitable apical segments of lateral
roots were excised and cultured to obtain a representative estimate of the regenerative
potential of each seedling. That is, all explants originating from the same seedling were
used to assess the embryogenic capacity of that particular seedling. Importantly, the same
seedlings and their corresponding explants were used for all levels of analyses, including
the assessment of regeneration dynamics, population-level embryogenic capacity, and
single-seedling variability, thereby ensuring the consistency of the experimental system
across all analyses.

Regeneration dynamics were assessed at the population level by recording the propor-
tion of responsive seedlings in each population weekly over a 12-week period. A seedling
was considered responsive if at least one of its explants regenerated SEs. Embryogenic
capacity was described using three variables: regeneration frequency, mean SE number,
and the SE-forming capacity (SEFC) index. All three variables were calculated as the mean
for each population over the entire cultivation period, which spanned 12 weeks. The
number of SEs per explant was determined at the end of each four-week subculture using
a stereomicroscope, and SEs were removed after counting and prior to being transferred
to fresh IM. The SEFC index, used to assess the cumulative effect of both regeneration
frequency and the mean SE number, was calculated as follows: SEFC = (mean SE number
per explant X regeneration frequency (%))/100. It was calculated first for each seedling
and then averaged for the entire population.

To gain deeper insight into the variation in embryogenic capacity at the single-seed
level within each population, the distributions of explant regeneration frequency and
the mean number of SEs were analyzed. The regeneration percentage of explants was
determined for each seedling, and the resulting data were sorted into the following classes:
0-20%, 21-40%, 41-60%, 61-80%, and 81-100%. Regarding the mean number of SEs
per explant, seedlings were categorized into five groups: n=0,0<n < 1,1 <n <10,

https://doi.org/10.3390 /horticulturae12070820


https://doi.org/10.3390/horticulturae12070820

Horticulturae 2026, 12, 820

50f19

10 <n < 20, and n > 20. The results are presented as the frequency distribution of seedlings
across these groups for each population.

2.6. Data Analysis

Cultures were arranged in a completely randomized design, and the normality of
the data distribution was assessed using the Kolmogorov—Smirnov test. Percentage data
were subjected to angular transformation, while the number of SEs and SEFC values were
square-root-transformed prior to statistical analysis to meet normality assumptions. The
mean values were back-transformed for presentation, and the effects of seed origin and
cultivation locality, as well as their interaction, on embryogenic capacity were analyzed
using a two-way factorial analysis of variance (ANOVA). Effect sizes were estimated using
eta squared (n?). Post hoc comparisons among means were performed using Tukey’s
honestly significant difference (HSD) test at p < 0.05.

To evaluate the effects of seed origin, cultivation locality, and individual seedling
(IS) variability on the number of SEs produced, as well as the stability of the observed
trait, an Additive Main Effects and Multiplicative Interaction (AMMI) analysis was per-
formed [33,34]. Seed origin and cultivation locality were considered jointly as a single
factor termed the environment (E), representing specific origin x locality combinations (SL,
PO, or UK x SP or BG).

The AMMI model’s equation is expressed as follows:

n
Yij = p+ai+ B+ Y My + 0y
k=1

where Y/; is the mean SE number of individual seedling ; in environment ;; i is the grand
mean; &; is the individual seedling’s main effect; ﬁj is the environment’s main effect; Ay is
the singular value for the principal component (PC) axis ; i and 6j are the PC scores for
individual seedling ; and environment j, respectively; and 6;; is the residual.

The AMMI stability value (ASV) was calculated based on the first two interaction
principal components (PC1 and PC2) using the formula described by Purchase et al. [35]:

ss 2
ASV=\/[ Pl X (PClscore) +(PC25COIQ)2
SSpco

where SSpci /SSpcy is the weight proportional to the variance explained by PC1 relative to
PC2. All statistical analyses, AMMI modeling experiments, and principal component parti-
tions were performed using the metan (version 1.18.0) and agricolae packages (version 1.3-5)
in R software (version 4.4.1).

3. Results

Spinach plants grown from UK, PO, and SL seeds, cultivated at both locations (BG
and SP) showed no observable morphological differences. All plants reached the flowering
stage at approximately the same time and produced seeds that were also morphologically
indistinguishable. Seeds collected from all populations germinated in vitro within three
weeks, and no differences in subsequent seedling development were observed among
the populations.

3.1. Regeneration Capacity at the Population Level

The explants from the three populations required different time periods to initiate SEs.
Regeneration began in the fifth and sixth weeks in the SL and PO populations, respectively, for
both cultivation localities. In contrast, UK-SP and UK-BG seedlings initiated SE regeneration
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later, in the seventh and eighth weeks of cultivation on IM, respectively (Figure 1). Approxi-
mately 50% of SL-BG seedlings started SE regeneration between the fifth and sixth weeks of
induction. The remaining populations reached the same regeneration level considerably later:
between the sixth and seventh weeks (SL-SP), after the eighth week (PO-SP), or as late as the
tenth week (PO-BG, UK-BG, and UK-SP) (Figure 1).
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Figure 1. Regeneration dynamics, expressed as the frequency of responsive seedlings per population,
were recorded weekly over a 12-week cultivation period on an induction medium (IM) supplemented
with 20 uM a-naphthaleneacetic acid (NAA) and 5 uM gibberellic acid (GA3). A seedling was
considered responsive if at least one root explant produced somatic embryos (SEs). Root explants
were excised from seedlings belonging to six populations: UK-SP, UK-BG, PO-SP, PO-BG, SL-SP, and
SL-BG. Sample size varied among populations, ranging from 6 to 35 seedlings per population, with
15-25 root explants analyzed per seedling.
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After 12 weeks of cultivation, the lowest response was observed in the UK-BG pop-
ulation (66.67% of seedlings), while the highest frequency was recorded in the SL-SP
population, where nearly all seedlings regenerated SEs (97.14%) (Figure 1). This result
underscores the robustness of the experimental system, as the majority of individual
seedlings retained responsiveness to somatic embryogenesis induction by the end of the
experimental period.

However, over the entire 12-week period, ANOVA revealed that seed origin had a highly
significant effect on the frequency of regenerating explants, the mean number of SEs per
explant, and SEFC (p < 0.0001 for all traits). Effect size estimates further confirmed the
predominant role of seed origin, with n? values of 0.299, 0.317, and 0.334 for regeneration
frequency, mean number of SEs per explant, and SEFC, respectively. In contrast, cultivation
locality showed no significant main effect on any of the examined traits and was associated
with very small effect sizes (n? = 0.008-0.026). A significant interaction between seed origin
and cultivation locality was observed for the mean number of SEs per explant and SEFC
(p < 0.01 for both) but not for the frequency of regenerating explants (p = 0.14), with 2 for the
interaction ranging from 0.036 to 0.110. Overall, the effect size analysis indicated that seed
origin was the main factor influencing embryogenic potential (Supplementary Table S1).

The SL population exhibited the highest embryogenic capacity at both the seedling
and explant levels. The highest frequency of regenerating explants was observed in the
SL-BG and SL-SP populations (89.36% and 59.72%, respectively; Figure 2a). In contrast, the
PO and UK populations exhibited regeneration frequencies below 25%, with no significant
differences observed between populations or cultivation localities.
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Figure 2. Assessment of the embryogenic capacity of the populations. (a) Frequency of regenerating
explants (%); (b) mean number of somatic embryos (SEs) per explant; (c) somatic embryo-forming
capacity (SEFC). Explants were cultivated on IM supplemented with 20 uM NAA and 5 uM GAj for
12 weeks. Explants were excised from seedlings belonging to six populations (UK-SP, UK-BG, PO-SP,
PO-BG, SL-SP, and SP-BG). Sample size ranged from 6 to 35 seedlings per population, with 15-25 root
explants per seedling. SEFC was calculated as (mean number of SEs per explant x percentage of
regenerating explants)/100. Data are presented as mean =+ standard error. Means sharing the same
letter are not significantly different according to Tukey’s HSD post hoc test (p < 0.05).

Explants from the SL population also regenerated the highest number of SEs per
explant: 12.04 and 3.77 for SL-BG and SL-SP, respectively (Figures 2b and 3c). Explants from
all other populations produced up to 1.50 SEs per explant, with no significant differences
among them (Figure 2b).

Il cm

Figure 3. Variable embryogenic responses of root explants isolated from seedlings originating from
(a) UK, (b) PO, and (c) SL seeds collected from plants cultivated in BG and assessed after 12 weeks of
cultivation on IM.

Explants from UK and PO seedlings exhibited extremely low SEFC values, regardless
of cultivation locality, and in both populations, SEFC remained below one, indicating very
low embryogenic capacity (Figures 2c and 3a,b). In contrast, explants from SL seedlings
showed significant locality-dependent differences: SL-BG displayed a high SEFC of 11.55,
whereas SL-SP exhibited a significantly lower SEFC of 2.62 (Figure 2c).

3.2. Regeneration Capacity at the Individual Seedling Level

For efficient somatic embryogenesis, it is important not only that a high number of
seedlings possess embryogenic capacity but also that a greater number of root explants
per seedling regenerate multiple SEs. To gain deeper insight into the factors contributing
to embryogenic capacity, frequency distributions were used, with the distribution of ex-
plant responses at the seedling level revealing pronounced differences among populations
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(Figure 4). In the UK and PO populations, the explants of more than 20% of seedlings were
unresponsive. In only about 15% of seedlings, >50% of explants regenerated SEs, while
seedlings with >80% regenerating explants were rare (<10%), except in the UK-SP popula-
tion, where such individuals accounted for 27.27%. In contrast, individuals from the SL
population showed substantially higher embryogenic capacity, particularly those cultivated
at the BG locality. Specifically, 97.14% and 85.71% of SL-SP and SL-BG seedlings, respec-
tively, contained responsive explants. Notably, the SL-BG population was predominantly
composed of highly responsive seedlings (78.57%) with >80% of explants regenerating SEs,
whereas only 28.57% of SL-SP seedlings reached this level of responsiveness (Figure 4).

Frequency distribution (%)

SL-BG . |
s [N [ [
PO-BG e e
PO-SP I [
UK-BG |

UK-SP - I

Populations

0% 20 % 40 % 60 % 80 % 100 %
n=0% 0<n<20% 20<n=40% 40<n<60%  60<n<80%  80<n=100%

Figure 4. Frequency distribution of seedlings across six regeneration capacity classes based on the
proportion of responding root explants per seedling. Explants were cultivated on IM for 12 weeks,
and their root explants were excised from seedlings belonging to six populations (UK-SP, UK-BG,
PO-SP, PO-BG, SL-SP, and SL-BG). Sample size ranged from 6 to 35 seedlings per population, with
15-25 root explants analyzed per seedling. The percentage of regenerating root explants per seedling
was used to assign each seedling to one of six classes: (1) n = 0; (2) 0 <n < 20%; (3) 20 <n < 40%;
(4) 40 <n < 60%; (5) 60 <n < 80%; and (6) 80 <n < 100%. Results are presented as the proportion of
seedlings assigned to each regeneration-frequency class within each population.

These differences were further emphasized following the analysis of the mean number
of SEs per responding explant (Figure 5). In the UK and PO populations, over 60% of
responding explants produced fewer than 10 SEs. High-intensity regeneration was rare;
for example, only 3.12% of explants in the PO-BG population produced more than 20 SEs.
A similar pattern was observed in the SL-SP population, where over 75% of explants
regenerated fewer than 10 SEs, and only 2.86% of explants exceeded 20 SEs per explant. In
contrast, the SL-BG population exhibited markedly higher productivity, with more than
70% of explants producing more than 10 SEs and a remarkable 35.71% of them exceeding
20 SEs per explant (Figure 5).

https://doi.org/10.3390 /horticulturae12070820


https://doi.org/10.3390/horticulturae12070820

Horticulturae 2026, 12, 820

10 of 19

Frequency distribution (%)

suec [ —
wo (I
rocc [
wec. |

Populations

0% 20 % 40 % 60 % 80 % 100 %

n=0 0<n<1 1<ng10 10<ns20 n>20

Figure 5. Frequency distribution of seedlings across five categories based on the mean number
of somatic embryos (SEs) per explant. Explants were cultured on IM for 12 weeks, and their root
explants were excised from seedlings belonging to six populations (UK-SP, UK-BG, PO-SP, PO-BG,
SL-SP, and SL-BG). Sample size ranged from 6 to 35 seedlings per population, with 15-25 root explants
analyzed per seedling. For each seedling, the mean number of SEs per explant was calculated and
used for classification into five categories: (1)n=0; (2) 0 <n <1;(3) 1 <n <10; (4) 10 <n < 20; and
(5) n > 20. Data are presented as the proportion of seedlings assigned to each SE-number class within
each population.

Collectively, these results demonstrate that the SL population—particularly the SL-
BG group—consists predominantly of highly responsive seedlings capable of sustained
and intensive somatic embryogenesis. Conversely, the UK and PO populations exhibited
limited embryogenic performance. Additionally, the overall SE yield per explant remained
low, even in the UK-SP population, where nearly one-third of the seedlings showed strong
explant responsiveness (over 80%).

3.3. Influence of Seed Origin, Cultivation Locality, and Individual Seedlings on the Number of
Somatic Embryos Produced from Spinach Root Explants

The results indicate that the mean SE number per explant is the most informative
parameter for assessing SEFC. Therefore, the effects of IS variability, seed origin, and
cultivation locality (defined jointly as the environment, E; seed origin x cultivation locality),
as well as their interactions, were evaluated on this trait.

Analysis of variance based on the AMMI model (Table 1) revealed significant effects
of IS, the environment (E), and their interaction (E x IS) on the number of SEs per explant.
The environment (E) and the E x IS interaction accounted for 52.22% and 35.67% of the
total sum of squares, respectively, together explaining 87.89% of the total variation (as
shown in Table 1). Although IS had a significant effect, its contribution was substantially
smaller than those of the environment and the E x IS interaction (Table 1).
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Table 1. Analysis of variance (ANOVA) based on the AMMI model for the mean number of somatic
embryos (SEs) per explant across environments and individual seedlings. Individual seedling (IS);
environments (Es) (seed origin X cultivation locality); SE: somatic embryo; SS%: percentage of
total sum of squares. PC1-PC5 represent interaction principal component axes derived from the
E x IS interaction in the AMMI model. The environment consists of seed origin (SL, PO, or UK)
and cultivation locality (SP or BG). Percentages refer to the proportion of the total sum of squares
explained by each source of variation. **—significant at p < 0.01 level.

Source of Variation df SS SS% MS F
Individual seedling (IS) 14 979.2 7.79 69.94 22.21 **
Environments (Es) 5 6566.0 52.22 1313.21 1180.31 **
E x IS 70 44845 35.67 64.06 20.34 **
PC1 18 2729.3 60.86 151.63 48.14
PC2 16 1082.7 24.14 67.67 21.48
PC3 14 495.4 11.05 35.38 11.23
PC4 12 117.2 2.61 9.77 3.10
PC5 10 59.9 1.34 5.99 1.90
Error 168 529.2 421 3.15
Total 269 12,572.3 46.74

Furthermore, the first and second interaction principal components (PC1 and PC2)
explained 85% of the E X IS interaction’s sum of squares (Table 1), indicating that most
of the interaction structure was captured by the first two axes. Accordingly, an AMMI
model including two PCs provides an adequate description of the observed variation in
this experiment. Therefore, the AMMI2 biplot was considered sufficient for interpreting
the E x IS interaction pattern.

The UK populations showed the highest stability in terms of the mean SE number,
particularly under BG conditions (ASV = 1.8375), whereas the greatest variability was
recorded in the SL population, especially in SL-BG (ASV = 12.0063), followed by SL-SP
(ASV = 6.4069) (Table 2). The PO population showed intermediate stability, with ASVs
ranging from 2.3820 to 3.2927.

Table 2. Mean number of somatic embryos (SEs) per explant, scores of the first two AMMI inter-
action principal components (PC1 and PC2), AMMI stability value (ASV), and stability ranking of
environments (Es) defined by seed origin and cultivation locality. PC1-PC2 represent the first two
interaction principal components derived from the AMMI model. Lower ASVs indicate greater
stability, whereas higher values indicate a stronger environment x individual seedling interaction
and greater variability in somatic embryogenesis.

SE ASV
No Environments (Es) PC1 PC2
Mean Rank Value Rank
1 SL-SP 6.02 2 2.2103 —3.1629 6.4069 5
2 PO-SP 1.38 5 1.3060 0.0579 3.2927 4
3 UK-SP 2.55 3 —0.2371 2.2840 2.3609 2
4 SL-BG 15.13 1 —4.7370 —1.2492 12.0063 6
5 PO-BG 2.28 4 0.8109 1.2229 2.3820 3
6 UK-BG 0.96 6 0.6468 0.8473 1.8375 1

The AMMI2 biplot (Figure 6) confirmed these results, with UK-BG and UK-SP posi-
tioned closest to the origin, indicating low interaction effects and stable responses across
environments. In contrast, the SL populations were located farther from the origin and
exhibited longer vectors, reflecting stronger E x IS interactions and greater variability. Fur-
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thermore, the two cultivation localities (BG and SP) induced opposite responses in the SL
population, as shown by their opposite PC scores (Table 2). Although the UK populations
produced relatively low mean SE numbers, their low ASV and proximity to the biplot
origin indicate genuine stability across cultivation environments.

AMMI2 Biplot

o -

PC2 (24.1%)

PC1 (60.9%)

Figure 6. AMMI2 biplot based on the first two interaction principal components (PC1 and PC2)
showing the relationship between individual seedlings (ISs) and environments (Es), defined as
combinations of seed origin and cultivation locality (SL-SP, SL-BG, PO-SP, PO-BG, UK-SP, and UK-BG).
PC1 and PC2 explain 60.9% and 24.1% of the total variation in the E X IS interaction, respectively.
Blue points represent individual seedlings (ISs), while green vectors represent environments (Es). The
origin (0,0) represents minimal interaction effects. Individual seedlings (ISs) or environments closer
to the origin exhibit greater stability, whereas those located further from the origin show stronger
interaction effects and higher variability.

For environments with higher mean SE numbers, a general tendency to display greater
variability was observed, while lower SE production was typically associated with more
stable responses across environments.

The AMMI analysis indicated that environments were primarily differentiated along
the first interaction principal component (PC1), which explained 60.9% of the interaction
variance (Table 1). The largest absolute PC1 scores were observed for the SL population,
particularly in SL-BG (—4.7370) and SL-SP (2.2103), indicating a strong contribution of this
population to the E x IS interaction. In contrast, the UK and PO populations exhibited
lower PC1 values and weaker interaction effects.

The AMMIN1 biplot (Figure 7) distinguishes environments with below-average values
from those with above-average SE production relative to the grand mean. The SL popula-
tion showed the highest embryogenic response, while the UK and PO populations were
characterized by lower SE production. Moreover, the opposite PC1 scores of SL-BG and
SL-SP suggest contrasting responses of the SL population to the two cultivation localities.

Overall, environments associated with higher mean SE production tended to exhibit
stronger interaction effects and greater variability, whereas lower SE production was
generally associated with more stable responses. These results indicate that individual
seedling variability, seed origin, and cultivation locality all contributed significantly to the
observed variation in somatic embryogenesis.
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PC1 (60.9%)

AMMI1 Biplot

Somatic_embryos

Figure 7. AMMI1 biplot showing the relationship between the mean somatic embryo (SE) number
per explant and the first interaction principal component (PC1) for individual seedlings (ISs) and
environments (Es), defined as combinations of seed origin and cultivation locality.

4. Discussion

The spinach cultivar ‘Matador’, selected for this study due to its high economic
relevance in the domestic market, exhibits inherently low embryogenic capacity, largely be-
cause of the limited proportion of highly responsive individuals within the population [21].
Such intra-cultivar variability is consistent with previous reports on spinach [17,18,21] and
some other plant species, where substantial differences in de novo regeneration potential
have been documented among subspecies, cultivars, and ecotypes [36,37]. These find-
ings collectively underscore the strong genotype dependence of embryogenic competence.
Accumulating evidence further indicates that embryogenic potential is a quantitatively
inherited trait controlled by multiple genes [38,39], supported by its transfer through sexual
hybridization [40] and stable transmission across generations [21,41,42].

In addition to the predominant role of genetic factors, the results of the present study
also highlight the importance of environmental effects in the induction of somatic embryoge-
nesis from spinach root fragments. The SL population exhibited the highest responsiveness,
primarily because it contained a large proportion of seedlings responding to the induction
treatment (97.14% in SL-SP and 85.71% in SL-BG). These findings are consistent with our
previous report, in which the SL population showed 100% responsive individuals and
an average of 14.4 SEs per explant [22], a value comparable to that observed here for the
SL-BG population (12.04 SEs per explant). However, the SL population also displayed
pronounced variability, indicating that enhanced responsiveness may be accompanied by
reduced stability. This pattern strongly suggests the influence of environmental factors,
especially in individual seedlings with inherently high embryogenic competence. In con-
trast, the UK population exhibited consistently low responsiveness in previous studies
(mean of 0.6 SEs per explant [22]). In the present study, a modest increase to 1.3 SEs per
explant was observed. Although environmental conditions appear to have contributed to
the observed increase in SE production, they were not sufficient to fully compensate for the
low embryogenic potential of the UK population.

The strong effect of seed origin observed in both the present study and our previous
study may reflect environmental influences experienced by the mother plants before the
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seeds were acquired. Information on the environmental conditions under which the
source plants were cultivated, as well as on seed storage conditions and duration, was
not available, and such factors may contribute to differences in embryogenic competence
among seed lots. Indeed, previous studies have shown that seed history can influence
somatic embryogenesis; for example, even when young Arabidopsis seeds were collected
and stored under identical conditions, the efficiency of SE initiation declined significantly
after 30 and 60 days of storage [30].

Although detailed greenhouse microclimatic parameters were not continuously moni-
tored, available meteorological data indicate slightly higher temperatures in BG compared
with SP, and greenhouse conditions were likely further elevated due to the absence of cool-
ing systems. These combined factors may have influenced plant physiological processes
and seed development, thereby affecting somatic embryogenic potential in the progeny.
However, due to the lack of detailed environmental, phenological, and seed quality data,
the specific factors underlying the observed E X IS interaction remain unclear and require
further investigation.

Previous studies in Arabidopsis and wheat further support that donor plant physiologi-
cal status and environmental conditions strongly affect regeneration capacity, including
hormone balance and developmental competence [28-31,43-46]. The phenomenon, often
referred to as transgenerational “memory” of environmental conditions, has been demon-
strated in Arabidopsis, where stress-induced responses are maternally transferred to the
embryo [47].

Evidence related to factors governing somatic embryogenesis has been reported in
Medicago truncatula, where the low-embryogenic cultivar ‘Jemalong” produced highly
embryogenic lines during in vitro culture, likely due to culture-induced reprogramming
events [48]. In conifers, embryogenic potential is also strongly influenced by the season
of explant collection, as Larix decidua explants collected in early spring or late summer
showed increased responsiveness, which was further enhanced by cold storage that acted
as a mild stress factor [49]. Collectively, these observations indicate that while embryogenic
capacity is fundamentally genetically determined, its expression is highly sensitive to
environmentally induced regulatory processes.

Historically, endogenous hormone levels were considered the primary trigger of
somatic cell transition toward totipotency and the main link between environmental con-
ditions and cell fate [50]. However, later studies showed that hormone levels are not
consistently associated with regeneration competence, suggesting that hormonal balance
alone cannot explain differences in embryogenic capacity [50,51]. Instead, accumulating
evidence highlights differential gene expression and the activation of key developmental
regulators as central determinants of embryogenic potential, as demonstrated by somatic
embryogenesis induced in the absence of exogenous phytohormones through the activa-
tion of PLETHORA (PLT) and WUSCHEL-related homeobox (WOX) transcription factor
families, which resulted in successful regeneration in Arabidopsis thaliana and Capsicum
annuum [52].

Lines with high embryogenic potential are characterized by coordinated expression of
stress-related proteins (superoxide dismutase and DELLA), histone-modifying enzymes,
and core somatic embryogenesis regulators, including Somatic Embryogenesis Receptor
Kinase (SERK), Leafy Cotyledon 2 (LEC2), and WUSCHEL (WUS) [53,54], with their reg-
ulation tightly controlled by DNA methylation and histone modifications affecting key
developmental pathways, including PIN-FORMED 1 (PIN1) via MET1-dependent CG
methylation [27,53-55]. Genotype-dependent differences further shape embryogenic com-
petence, where reduced CHH methylation in the highly embryogenic Gossypium hirsutum
line is associated with enhanced embryogenic capacity, while increased mCG methylation
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in the recalcitrant line suppresses SE-related gene expression [56,57]. In parallel, chro-
matin remodeling pathways involving DNA hypomethylation and regulators such as
PICKLE (AsPKL), Curly Leaf (AsCLF), and Like Heterochromatin Protein (AsLHP) further
contribute to transcriptional reprogramming through polycomb-mediated histone mod-
ifications, collectively enabling embryogenic competence acquisition [58]. Despite these
advances, and in line with the significant effects of seed origin and cultivation locality
observed in the present study, the mechanisms by which epigenetic factors operating in
donor plants prior to explant excision modulate subsequent embryogenic competence
remain insufficiently understood and require further investigation.

The combined influence of genotype and environment has also been documented in
other physiological processes, including metabolite accumulation, stress responses, and
yield performance in plants [59,60].

The results presented here emphasize the need for careful selection of plant material
in experimental studies of somatic embryogenesis. An uneven distribution of individuals
with high and low embryogenic potential among treatments may lead to biased outcomes
and the misinterpretation of results. Therefore, evaluating embryogenic capacity prior to
experimental allocation is strongly recommended, particularly in populations composed
largely of low-regenerating individuals. Such pre-screening enables more reliable com-
parisons of treatment effects by minimizing intrinsic genotypic variability. The use of
molecular markers, such as the gene encoding ribosome-inactivating protein 2 (RIP2), may
further facilitate rapid and reliable identification of highly embryogenic individuals in
spinach, thereby improving experimental accuracy and reproducibility [22,61].

Spinach is characterized by certain unfavorable traits, including relatively high oxalate
levels associated with kidney stone formation [62] and elevated nitrate content linked to
methemoglobinemia in newborns [63], highlighting the need for targeted genetic improve-
ment. Genome-editing tools such as CRISPR-Cas9, which enable precise DNA modification,
offer considerable potential for improving disease resistance, reducing pesticide use, and
enhancing nutritional quality, particularly in crops with complex genomes such as spinach;
however, their application critically depends on efficient and reliable regeneration systems.
The integration of advanced omics approaches, including transcriptomics and proteomics,
with optimized tissue culture protocols may further elucidate the regulatory networks un-
derlying somatic embryogenesis and support the refinement of regeneration systems [64].

5. Conclusions

The results of this study demonstrate that the induction of somatic embryogenesis
from spinach root explants is governed by a complex interplay between genetic background
and environmental influences. While IS represents a primary determinant of embryogenic
competence, environmental factors, such as seed origin and cultivation locality, substan-
tially modulate this response. The effect of cultivation locality is more pronounced in
populations with a higher proportion of responsive IS, such as the SL population, and
the observed variability among individuals within the same population further highlights
the importance of intrinsic genetic heterogeneity. Collectively, these findings indicate that
both genetic constitution and environmental factors should be taken into account when
optimizing regeneration protocols and interpreting experimental outcomes.

Variability among individual seedlings and environmental effects underscores the
need for reproducible regeneration systems essential for plant transformation and genome
editing, including CRISPR/Cas applications, where regeneration efficiency is a key
limiting factor.
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Abbreviations

The following abbreviations are used in this manuscript:

UK Ukraine

PO Poland

SL Slovenia

BG Belgrade

SP Smederevska Palanka

SEs Somatic embryos

FAO Food and Agriculture Organization

BM Basal medium

™M Induction medium

NAA a-naphthaleneacetic acid

GA; Gibberellic acid

PPFD Photosynthetic photon flux density

SEFC Somatic embryo forming capacity
ANOVA Analysis of variance

Tukey’s HSD  Tukey’s honestly significant difference test
AMMI Additive Main Effects and Multiplicative Interaction
IS Individual seeding

E Environment

ASV AMMI stability value

PC1 First principal component scores
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PC2 Second principal component scores

SERK Somatic Embryogenesis Receptor Kinase

LEC2 Leafy Cotyledon2

wus WUSCHEL

MET2 METHYLTRANSFERSE1

PIN1 PIN-FORMED 1

AsPKL Argania spinosa PICKLE protein

AsCLF Argania spinosa CURLY LEAF protein

AsLHP Argania spinosa LIKE HETEROCHROMATIN PROTEIN 1
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