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Abstract: Metal ions in the induction medium are essential ingredients allowing green plant regen-
eration. For instance, Cu(II) and Ag(I) ions may affect the mitochondrial electron transport chain,
influencing the Yang cycle and synthesis of S-adenosyl-L-methionine, the prominent donor of the
methylation group for all cellular compounds, including cytosines. If the ion concentrations are
not balanced, they can interfere with the proper flow of electrons in the respiratory chain and ATP
production. Under oxidative stress, methylated cytosines might be subjected to mutations impacting
green plant regeneration efficiency. Varying Cu(II) and Ag(I) concentrations in the induction medium
and time of anther culture, nine trials of anther culture-derived regenerants of triticale were derived.
The methylation-sensitive AFLP approach quantitative characteristics of tissue culture-induced vari-
ation, including sequence variation, DNA demethylation, and DNA de novo methylation for all
symmetric-CG, CHG, and asymmetric-CHH sequence contexts, were evaluated for all trials. In
addition, the implementation of mediation analysis allowed evaluating relationships between factors
influencing green plant regeneration efficiency. It was demonstrated that Cu(II) ions mediated rela-
tionships between: (1) de novo methylation in the CHH context and sequence variation in the CHH,
(2) sequence variation in CHH and green plant regeneration efficiency, (3) de novo methylation in
CHH sequences and green plant regeneration, (4) between sequence variation in the CHG context,
and green plant regeneration efficiency. Cu(II) ions were not a mediator between de novo methylation
in the CG context and green plant regeneration. The latter relationship was mediated by sequence
variation in the CG context. On the other hand, we failed to identify any mediating action of Ag(I)
ions or the moderating role of time. Furthermore, demethylation in any sequence context seems not
to participate in any relationships leading to green plant regeneration, sequence variation, and the
involvement of Cu(II) or Ag(I) as mediators.

Keywords: androgenesis; copper; genetic variation; metAFLP; silver; symmetrical/asymmetrical
methylation context; time; triticale

1. Introduction

Metal ions are ingredients commonly added to the induction medium (IM) of cereals’
anther culture [1,2]. The maintenance of metal homeostasis is vital for the functioning
of mitochondria. At high concentrations, they might be toxic to the cell, affecting for
example, functional sites of proteins or enhancing reactive oxygen species (ROS) produc-
tion [3]. The ROS originate either from chloroplasts or mitochondria [4,5]. In mitochondria,
ROS are generated as the result of the electron transport chain (ETC) functioning. The
ETC of plant mitochondria contains complexes I–IV/V that, among others, encompass
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many enzymes (an alternative oxidase (AOX) [6] and four NAD(P)H dehydrogenases) [7]).
Copper (I) and (II) redox properties are used by cytochrome c oxidase (COX), the termi-
nal enzyme of the ETC. Its functioning requires the action of multiple factors that are
involved in the delivery and insertion of copper into the enzyme [8]. Copper and iron, as
redox metals, directly induce ROS creation through Fenton and Haber–Weiss reactions [9].
Furthermore, copper ions form complexes with metalloproteins and can be bound by
L-histidine-Cu(II) [10], L-cysteine-Cu(I) [11] and methionine-Cu(I) [12]. Thus, disturbances
in the ETC and impaired ATP production may influence the Yang cycle and synthesis of
the S-adenosyl-L-methionine (SAM) metabolite [13], which is the universal methyl-group
donor in the cell [14–16]. Furthermore, cysteine synthesis relies on methionine and is a
rate-limiting precursor of glutathione (GSH) synthesis. GSH is a small intracellular thiol
and a strong non-enzymatic antioxidant [17]. It is also the final product of the transsulfu-
ration pathway [18]. The disturbances in S-adenosyl-L-methionine synthesis may result
in changes in the DNA methylation pattern [19]. DNA methylation changes are critical in
anther cultures, as a switch from gametophytic fate into sporophytic one takes place during
the cell reprogramming stage [20]. Primary DNA demethylation during cell dedifferenti-
ation needs to be reestablished via de novo methylation [20]. The process involves both
genetic and epigenetic mechanisms [21]. It is worth noting that DNA methylation in plants
occurs in three contexts: CG, CHG, and CHH (where H is any base except G). Moreover,
each of these contexts is regulated differently by four DNA methyltransferase (DNMT)
families. Methylated cytosine residues are sensitive towards oxidative stress [22] possibly
leading towards mutations [23,24]. It was demonstrated that DNA methylation changes
related to copper ions present in the IM might influence sequence variation and green plant
regeneration efficiency (GP) in barley [25,26]. Furthermore, silver ions added to the IM
might also contribute to the GP regeneration [27]. It has being suggested that silver ions
have a similar size as copper, and thus, they can substitute copper in its complexes [28].
However, copper ions seem to be of priority in barley zygotic embryo cultures [25], with
no apparent changes in plant morphology. In contrast, in barley anther cultures, Ag(I) and
Cu(II) ions influenced the GP regeneration [27] indicating different aspects of biochemical
pathways functioning in the two regeneration approaches. Finally, it is being proposed that
the time of in vitro anther culture may influence tissue culture-induced variation (TCIV)
and the GP regeneration. The putative role of the time was demonstrated in anther cul-
ture of pepper [29], turnip rape [30] and barley [27], but was not documented in triticale.
However, in some instances, the role of time is being questioned [31].

We hypothesize that copper and silver ions in the IM of triticale, anther culture similar
to barley anther cultures, may affect the electron transport chain as the final stage of respira-
tion and the Yang cycle. Disturbances of the Yang cycle are followed by DNA methylation
changes (including symmetric and asymmetric sequence contexts). The changes may be
subjected to genomic sequence mutations influencing the GP, and that the phenomenon
could be sensed using the methylation-sensitive AFLP (metAFLP) approach developed for
the quantification of TCIV [32–35]. Furthermore, we want to verify the role of the time of
triticale anther culture for the TCIV. Also, the relationships between analyzed variables
could be illustrated via the regression-based mediation analysis method [36] to evaluate
complex relationships between many variables reflecting the cellular phenomena [37].

2. Materials and Methods
2.1. Tissue Cultures

Progeny of doubled haploid winter triticale (x Triticosecale spp. Wittmack ex. A
Camus 1972) cultivar T28/2 derived from cv. Mungis x cv. Presto provided by Syl-
wia Oleszczuk (Plant Breeding and Acclimatization Institute-National Research Institute,
Radzików, Poland) was used as donor plants to obtain regenerants via androgenesis in
anther culture. Twenty-four triticale donor plants were cultivated in controlled condi-
tions in a growth chamber. The plants grew at a temperature of 16 ◦C during the day
and 12 ◦C at night. The photoperiod was: 16 h day and 8 h night. Vernalization was
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carried out at 4 ◦C for six weeks in a photoperiod of 8 h day and 16 h night. nine, the
plants were grown in a greenhouse under a photoperiod (16 h/8 h day/night). Light
conditions were maintained using high pressure sodium lamps between 6:00 a.m.–8:00 a.m.
and 6:00 p.m.–10:00 p.m., natural light was used during the remaining hours. Plants
were watered twice a week. Tillers of donor plants were harvested when microspores
were mid- to the uninucleate stage. To induce androgenesis, the tillers were subjected
to cold stress (4 ◦C) in the dark for 20 days. The surface-sterilization of spikes was
carried out by soaking in 70% ethanol for 1 min, followed by soaking in 10% sodium
hypochlorite for 20 min and washing four times with sterile deionized water. Then,
anthers (Figure 1A) were removed from spikes and laid on solid induction media in
the laminar flow cabinet. As an induction medium was used (190-2 medium [38] with
90 g L−1 maltose) (Duchefa Biochemie, Haarlem, The Netherlands) and 438 mg L−1 glu-
tamine (Duchefa Biochemie, Haarlem, The Netherlands) supplemented with 2 mg L−1

2,4-dichlorophenoxyacetic acid (2,4-D) (Duchefa Biochemie, Haarlem, The Netherlands)
and 0.5 mg L−1 kinetin (Duchefa Biochemie, Haarlem, The Netherlands). Induction media
were supplemented with CuSO4 (Sigma Aldrich, Steinheim, Germany) (0.1, 5, 10 µM) and
AgNO3 (Sigma Aldrich, Steinheim, Germany) (0, 10, 60 µM) salts (Table 1 ), that nine trials
were prepared. 0.1 µM Cu (II) is a standard concentration of copper commonly used in
cultivation media. Each medium trial was assigned a different time of anthers incubation
(35, 42, 49 days), including time from plating explants on induction media to calli collection
and transferred them on regeneration media. Androgenic structures (callus, embryo-like
structures, and embryos) (Figure 1B,C) were transferred successively on a regeneration
medium starting from the 35 days of culture in one-week intervals. Here was used regen-
eration medium 190-2 [38] supplemented with 0.5 mg L−1 naphthalene acetic acid (NAA)
(Sigma Aldrich, Steinheim, Germany) and 1.5 mg L−1 kinetin.
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tions of 500 ng each and cut in parallel with two sets of restriction enzymes Acc65I/MseI 
and KpnI/MseI (New England Biolabs, Ipswich, MA, USA). The obtained DNA fragments 
were ligated with synthetic oligonucleotides (adapters) in a ligation reaction followed by 
an initial PCR reaction with preselective primers. The product of the preselective PCR 
reaction was used as a template for the selective PCR with selective primers (Supplemen-
tary Table S1), where one primer was radioactively labeled (P32, Hartmann Analytic 
GmbH, Braunschweig, Germany). The products of selective PCR were separated in a 7% 
polyacrylamide gel. Visualization of fractionated DNA fragments was performed by ex-
posing the gels to X-ray film (Fujifilm Corporation, Tokyo, Japan). 

2.3. Quantifying Variation 
Estimation of TCIV was based on the presence (1) or absence (0) of bands (DNA frag-

ments) for donors and regenerants on a polyacrylamide gel. Binary matrices were created 
based on the compilation of DNA profiles obtained from Acc65I/MseI and KpnI/MseI en-
zyme cuts. Based on the properties of the restriction enzymes used, it was possible to de-

Figure 1. Schematic representation of plant regeneration via in vitro culture. (A) anthers on
solid medium; (B) embryo formation from anther culture; (C) embryos and germinating embryos;
(D) albino and green plants derived from anther culture, (E) green regenerants transferred to glass
flask; (F) green developing regenerants in pots.
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After six weeks of regeneration, green plantlets (Figure 1D) were transferred to glass
flasks (Figure 1E) with N6I medium [39] supplemented with 2 mg L−1 indole-3-acetic acid
(IAA) (Duchefa Biochemie, Haarlem, The Netherlands) for rooting. Later, developed green
plants (Figure 1F) were potted into containers filled with soil and sand and grown in a
greenhouse. Next, seedlings were vernalized at 4 ◦C for six weeks and were shifted to the
greenhouse and grown under controlled conditions until harvest. The number of green
plants (GPs) was assessed as the number of green regenerants obtained per 100 plated
anthers. In addition, phenotypic data concerning plants’ height, leaves’ shape, leaves’ color
and ability to set seeds were inspected visually. The donor plants and the regenerants
obtained from them were visually assessed.

2.2. DNA Extraction and metAFLP Assay

Genomic DNA was extracted from young leaves (tillering stage) of regenerants and
donor plants according to the Plant DNeasy MiniPrep Kit (Qiagen, Hilding, Germany).
For each metAFLP reaction, there was prepared 500 ng of DNA of spectrophotometri-
cally verified quantity and purity. The metAFLP procedure was conducted according
to previously developed protocols [32,40]. DNA from each regenerant was divided into
two portions of 500 ng each and cut in parallel with two sets of restriction enzymes
Acc65I/MseI and KpnI/MseI (New England Biolabs, Ipswich, MA, USA). The obtained
DNA fragments were ligated with synthetic oligonucleotides (adapters) in a ligation re-
action followed by an initial PCR reaction with preselective primers. The product of the
preselective PCR reaction was used as a template for the selective PCR with selective
primers (Supplementary Table S1), where one primer was radioactively labeled (P32, Hart-
mann Analytic GmbH, Braunschweig, Germany). The products of selective PCR were
separated in a 7% polyacrylamide gel. Visualization of fractionated DNA fragments was
performed by exposing the gels to X-ray film (Fujifilm Corporation, Tokyo, Japan).

2.3. Quantifying Variation

Estimation of TCIV was based on the presence (1) or absence (0) of bands (DNA frag-
ments) for donors and regenerants on a polyacrylamide gel. Binary matrices were created
based on the compilation of DNA profiles obtained from Acc65I/MseI and KpnI/MseI
enzyme cuts. Based on the properties of the restriction enzymes used, it was possible to
determine the changes in the DNA of regenerants caused by in vitro culture. Sequence
variation (SV), demethylation (DMV), and de novo methylation (DNMV) were determined.
Selective primers terminated with any combination of A and T could amplify the asymmet-
ric CHH sequence. MetAFLP primers terminated with the -CHG sequence at the 3′-end
and those with the -CG sequence reflect symmetric contexts. Thus, selective primers target-
ing symmetric and asymmetric DNA sequences used in the metAFLP technique enabled
identification of CG, CHG, and CHH methylation change contexts as well as sequence
changes related to those sequences. The details of quantifying changes in different sequence
contexts concerning DNMV, DMV and SV were described elsewhere [33].

2.4. Statistics

Simple mediation analyses were conducted in IBM SPSS software v 27 (IBM Corop,
NY, USA) using PROCESS Macro 3.5 [36]. The statistical power of hierarchical linear
regression and simple moderation was evaluated using G-Power software [41]. The Lasso
regression analysis was conducted in XLSTAT software (Addinsoft, NY, USA) [42] using
implemented GLMNET R package and predefined settings. Linear multiple regression
using F distribution and fixed model, R2 deviation from zero with post hoc power analysis
was employed.

3. Results

Nine different treatments (trials M1-M9, Table 1) varying in copper and silver ion
concentrations in IM and time of cultures resulted in 44 regenerants. All regenerants were
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evaluated for morphological characteristics and then used in molecular analyses. Plants
with set seeds, and thus fertile plants, were scored as those with doubled chromosome
numbers. These regenerants determine the success of the procedure to obtain doubled
haploid (DH) plants. Depending on the trial, the number of regenerated green DH plants
varied from 3 to 10. All regenerants were in a type of donor plant without any morpho-
logical differences concerning leaves’ shape, color, plants’ height, time of flowering, and
seed set.

DNA extraction from young leaves of donors and regenerants (collected at the same
developmental stage-tillering) resulted in integral and intact samples. After digestions with
the Acc65I/MseI and KpnI/MseI endonucleases following the metAFLP procedure, DNA
samples amplified 574 and 555 easily scorable repeatable banding profiles for each of the
metAFLP platforms. In addition, 295 and 266 markers were polymorphic. The metAFLP
profiles, including the presence or absence of a given band in donor and regenerant in
the Acc65I/MseI and KpnI/MseI metAFLP platforms, were classified into sixteen patterns
reflecting different event types (sequence change -SV, de novo methylation-DNMV, DNA
demethylation-DMV). The events allowed the evaluation of quantitative characteristics
of sequence variation, de novo DNA methylation, and DNA demethylation variation,
including symmetric (CG, CHG) and asymmetric (CHH) sequence contexts (Table 1).

A series of regression mediation analyses (Figure 2) showed that copper ions affecting
distinct contexts of de novo methylation mediated relationships between methylation
contexts and sequence variation were evaluated.

A regression mediation analysis (Table 2) showed that copper ions affecting de novo
methylation resulted in sequence variation (DNMV→ Cu→ SV). Detailed analysis of the
relationship showed that the identified mediation was due to the relationship between
de novo methylation in CHH context and sequence variation in CHH one mediated by
Cu(II) (CHH_DNMV → Cu → CHH_SV). Moreover, de novo methylation in the CHH
context mediated by copper ions affected the number of green regenerants obtained per
100 regenerants (CHH_DNMV → Cu → GP). Furthermore, copper ions also mediated
the relationship between sequence variation in CHH context (and sequence variation in
CHG context) and GPs (CHH_SV→ Cu→ GP and CHG_SV→ Cu→ GP). Finally, the
relationship between de novo methylation in CG context and the number of GPs was
mediated by sequence variation in CG context (CG_DNM→ CG_SV→ GP).

The significance of mediations was confirmed by bootstrap confidence intervals of
indirect effects that did not contain zero. No mediations involving silver ions as mediators
between SV and DNMV (or DMV) in all sequence contexts or GP were found. Similarly,
DMV (all contexts) did not participate in mediation analyses either as predictors or me-
diators of SV or GPs. The relationships between de novo methylation in CHH context
(CHH_DNMV) and GP were mediated by copper ions, whereas de novo methylation in CG
context (CG_DNMV) and GP by sequence variation in CG one (CG_SV). Furthermore, the
time of tissue culture failed to be a moderator in between independent variables (DNMV,
CHH_DNMV, CHG_DNMV) and copper ions in all respective mediation analyses (Table 2).
Therefore, only significant mediation results are listed in Table 2.

Lasso regression used to select most influencing predictors (Table 1) used in medi-
ation analyses showed that coefficients not equal to zero and corresponding to optimal
lambda (0.0028) resulted in the following equation: GP =-51.11 + 7.22 × CG_SV-5.065 ×
CHH_DNMV + 3.04 × CG_DNMV + 2.81 × CHH_SV − 2.43 × CHG_SV + 0.36 × Cu(II).
Thus, all predictors were significant for predicting GPs. Sequence variation affecting CG
context increased, whereas the CHG decreased the GPs. The influence of DNMV was
negative for the CHH context but positive for the CG, whereas the role of copper ion
concentration on GPs seems to be the smallest.

Assuming the total sample size equated to 44, α = 0.05, and medium effect size, the
statistical power of mediation was 0.82.
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Table 1. Quantitative metAFLP characteristics and respective tissue culture conditions used for DH
plant regeneration by trials (M1–M9).

No. Trial

metAFLP Characteristics 1 (%)
In Vitro Conditions GP

SV DNMV DMV

Sequence CHH Sequence CHG Sequence CG

SV DNMV DMV SV DNMV DMV SV DNMV DMV Cu(II)
(µM)

Ag(I)
(µM)

Time
(Days)

1 M1 43.30 3.34 5.02 8.66 0.37 0.74 23.34 1.62 2.92 11.35 1.33 1.33 0.1 0 35 0.91

2 M1 43.62 3.18 5.01 8.66 0.37 0.74 23.49 1.62 2.92 11.51 1.17 1.33 0.1 0 35 0.91

3 M1 43.61 3.18 5.18 8.66 0.37 0.74 23.49 1.62 2.92 11.51 1.17 1.50 0.1 0 35 0.91

4 M1 43.61 3.18 5.18 8.66 0.37 0.74 23.49 1.62 2.92 11.51 1.17 1.50 0.1 0 35 0.91

5 M1 43.62 3.18 5.01 8.66 0.37 0.74 23.49 1.62 2.92 11.51 1.17 1.33 0.1 0 35 0.91

6 M2 43.61 3.18 5.18 8.66 0.37 0.74 23.49 1.62 2.92 11.51 1.17 1.50 0.1 10 42 0.87

7 M2 43.45 3.18 5.18 8.66 0.37 0.74 23.34 1.62 2.92 11.51 1.17 1.50 0.1 10 42 0.87

8 M2 43.33 3.17 5.00 8.52 0.36 0.73 23.34 1.62 2.92 11.51 1.17 1.33 0.1 10 42 0.87

9 M2 43.46 3.01 5.18 8.50 0.37 0.74 23.49 1.62 2.92 11.51 1.00 1.50 0.1 10 42 0.87

10 M3 43.61 3.18 5.18 8.64 0.37 0.92 23.49 1.62 2.92 11.51 1.17 1.33 0.1 60 49 1.52

11 M3 43.61 3.17 5.35 8.64 0.37 0.92 23.49 1.62 2.92 11.51 1.17 1.50 0.1 60 49 1.52

12 M3 43.97 3.19 5.37 8.79 0.37 0.93 23.69 1.62 2.92 11.52 1.17 1.50 0.1 60 49 1.52

13 M3 43.81 3.19 5.37 8.79 0.37 0.93 23.53 1.62 2.92 11.52 1.17 1.50 0.1 60 49 1.52

14 M3 43.81 3.36 5.04 8.79 0.56 0.75 23.53 1.62 2.92 11.53 1.17 1.34 0.1 60 49 1.52

15 M4 43.49 3.53 5.04 8.76 0.75 0.75 23.37 1.62 2.92 11.37 1.17 1.34 5 60 42 0.71

16 M4 43.66 3.36 5.04 8.79 0.56 0.75 23.53 1.62 2.92 11.37 1.17 1.34 5 60 42 0.71

17 M4 43.29 3.34 5.18 8.64 0.55 0.73 23.34 1.62 2.92 11.35 1.17 1.50 5 60 42 0.71

18 M4 43.13 3.34 5.18 8.64 0.55 0.73 23.18 1.62 2.92 11.35 1.17 1.50 5 60 42 0.71

19 M5 43.30 3.18 5.18 8.64 0.55 0.73 23.18 1.62 2.92 11.51 1.00 1.50 5 0 49 2.38

20 M5 43.13 3.34 5.18 8.64 0.55 0.73 23.02 1.62 2.92 11.51 1.17 1.50 5 0 49 2.38

21 M5 43.49 3.53 5.04 8.76 0.75 0.75 23.21 1.62 2.92 11.53 1.17 1.34 5 0 49 2.38

22 M5 43.49 3.53 5.04 8.76 0.75 0.75 23.21 1.62 2.92 11.53 1.17 1.34 5 0 49 2.38

23 M5 43.49 3.53 5.04 8.76 0.75 0.75 23.21 1.62 2.92 11.53 1.17 1.34 5 0 49 2.38

24 M5 43.32 3.53 5.21 8.76 0.75 0.75 23.06 1.62 2.92 11.52 1.17 1.50 5 0 49 2.38

25 M5 43.33 3.53 5.04 8.76 0.75 0.75 23.06 1.62 2.92 11.53 1.17 1.34 5 0 49 2.38

26 M5 43.32 3.53 5.21 8.76 0.75 0.75 23.06 1.62 2.92 11.52 1.17 1.50 5 0 49 2.38

27 M5 43.48 3.53 5.20 8.76 0.75 0.75 23.21 1.62 2.92 11.52 1.17 1.50 5 0 49 2.38

28 M5 44.89 3.64 5.03 8.91 0.76 0.76 24.04 2.02 2.86 11.96 0.87 1.39 5 0 49 2.38

29 M6 43.19 3.52 5.19 8.63 0.73 0.73 23.06 1.62 2.92 11.52 1.17 1.50 5 10 35 1.17

30 M6 43.19 3.52 5.19 8.63 0.73 0.73 23.06 1.62 2.92 11.52 1.17 1.50 5 10 35 1.17

31 M6 43.31 3.50 5.16 8.48 0.72 0.72 23.34 1.62 2.92 11.51 1.17 1.50 5 10 35 1.17

32 M6 43.16 3.33 5.17 8.48 0.72 0.72 23.18 1.62 2.92 11.51 1.00 1.50 5 10 35 1.17

33 M6 43.16 3.33 5.00 8.50 0.54 0.72 23.18 1.62 2.92 11.51 1.17 1.33 5 10 35 1.17

34 M7 43.15 3.33 5.33 8.48 0.54 0.90 23.18 1.62 2.92 11.51 1.17 1.50 10 10 49 3.79

35 M7 43.36 3.35 5.19 8.65 0.55 0.74 23.21 1.62 2.92 11.52 1.17 1.50 10 10 49 3.79

36 M7 43.20 3.35 5.19 8.65 0.55 0.74 23.06 1.62 2.92 11.52 1.17 1.50 10 10 49 3.79

37 M8 43.17 3.36 5.21 8.62 0.56 0.75 23.06 1.62 2.92 11.52 1.17 1.50 10 60 35 4.24

38 M8 42.88 3.35 5.19 8.49 0.55 0.74 22.90 1.62 2.92 11.52 1.17 1.50 10 60 35 4.24
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Table 1. Cont.

No. Trial

metAFLP Characteristics 1 (%)
In Vitro Conditions GP

SV DNMV DMV

Sequence CHH Sequence CHG Sequence CG

SV DNMV DMV SV DNMV DMV SV DNMV DMV Cu(II)
(µM)

Ag(I)
(µM)

Time
(Days)

39 M8 43.04 3.35 5.19 8.49 0.55 0.74 23.06 1.62 2.92 11.52 1.17 1.50 10 60 35 4.24

40 M8 43.36 3.35 5.19 8.65 0.55 0.74 23.21 1.62 2.92 11.52 1.17 1.50 10 60 35 4.24

41 M9 42.88 3.35 5.19 8.49 0.55 0.74 22.90 1.62 2.92 11.52 1.17 1.50 10 0 42 6.06

42 M9 43.01 3.36 5.21 8.49 0.55 0.74 23.03 1.63 2.94 11.52 1.17 1.50 10 0 42 6.06

43 M9 43.35 3.19 5.04 8.65 0.55 0.74 23.06 1.62 2.92 11.67 1.01 1.35 10 0 42 6.06

44 M9 42.88 3.52 5.03 8.65 0.55 0.74 22.90 1.62 2.92 11.36 1.34 1.34 10 0 42 6.06

Mean 43.40 3.34 5.15 8.65 0.55 0.76 23.27 1.63 2.92 11.51 1.15 14.11 2.29

SD 0.34 0.15 0.10 0.11 0.14 0.06 0.24 0.06 0.01 0.09 0.08 0.10 1.64

1 metAFLP characteristics: SV—sequence variation, DNMV—de novo methylation, DMV-demethylation; values
of metAFLP quantitative characteristics expressed in percentages and evaluated for triticale anther culture-derived
regenerants, CHH, CHG, CG—the sequence contexts in which the methylated cytosine may be located; M1–
M9—trials with different in vitro conditions; GP—states for green regenerants obtained per 100 plated anthers;
SD—standard deviation.
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Table 2. Mediation analyses outcomes depicting relationships between DNMV (CHH_DNMV) and SV (CHH_SV) mediated by copper ions, CHH_SV and
CHH_DNMV and GP with copper ions as a mediator and CG_DNMV and GP mediated by CG_SV. Both unstandardized (B) and standardized (β) coefficients are
presented.

Simple Mediation
(IV→M→ DV) 1

Statistics

Path a Path b and c’ Path c Indirect Effect

DNMV→ Cu→ SV

F(1,42) = 17.4334, MSE = 11.4947, p = 0.0001, R2 = 0.2046: F(2.41) = 15.8139, MSE = 0.0803, p < 0.0001, R2 = 0.3389 F(1.42) = 0.0246, MSE = 0.1183, p = 0.8762, R2 = 0.0015

B = −0.6771, se = 0.2239,
CI[−1.1570;−0.2897]

(a) B = 11.4812, se = 2.7498, t(42) = 4.1753, p = 0.0001,
95%CI[5.9319;17.0305], β = 0.4523

(b) B = −0.0590, se = 0.0144, t(41) = −4.0885, p = 0.0002,
95%CI[−0.0881;−0.0298], β = −0.6512 (c) B = −0.0899, se = 0.5736, t(42) = −0.1567, p = 0.8762,

95%CI[−1.2474;1.0676], β = −0.0391(c’) B = 0.5872, se = 0.6351, t(41) = 0.9245, p = 0.3606,
95%CI[−0.6955;1.8699], β = 0.2554

CHH_DNMV→ Cu→
CHH_SV

F(1,42) = 26.874, MSE = 10.985, p < 0.0001, R2 = 0.2398 F(2.41) = 7.7133, MSE = 0.0087, p = 0.0014, R2 = 0.2837 F(1.42) = 2.4947, MSE = 0.0111, p = 0.1217, R2 = 0.0590

B = −0.1966, se = 0.0637,
CI[−0.3311;−0.0792]

(a) B = 12.6377, se = 2.4378, t(42) = 5.184, p < 0.0001,
95%CI[7 0.7179;17.5575], β = 0.4897

(b) B = −0.0156, se = 0.0041, t(41) = −3.7754, p = 0.0005,
95%CI[−0.0239;−0.0072], β = −0.5438 (c) B = 0.1792, se = 0.1135, t(42) = 1.5795, p = 0.1217,

95%CI[−0.0498;0.4083], β = 0.2428(c’) B = 0.3758, se = 0.1251, t(41) = 3.0038, p = 0.0045,
95%CI[0.1231;0.628], β = 0.5091

CHH_DNMV→ Cu→
GP

F(1,42) = 26.8740, MSE = 10.9850, p < 0.0001, R2 = 0.2398 F(2.41) = 54.9096, MSE = 0.7443, p < 0.0001, R2 = 0.7363 F(1.42) = 3.9786, MSE = 2.6641, p = 0.0526, R2 = 0.0332

B = 5.3075, se = 1.2321,
CI[3.0808;8.0131]

(a) B = 12.6377, se = 2.4378, t(42) = 5.1840, p < 0.0001,
95%CI[7.7179;17.5575], β = 0.4897

(b) B = 0.4200, se = 0.0468, t(41) = 8.9768, p < 0.0001,
95%CI[0.3255;0.5145], β = 0.9618 (c) B = 2.0519, se = 1.0287, t(42) = 1.9946, p = 0.0526,

95%CI[−0.0241;4.127], β = 0.1821(c’) B = −3.2556, se = 0.9286, t(41) = −3.5060, p = 0.0011,
95%CI[−5.1309;−1.3803], β = −0.2889

CHH_SV→ Cu→ GP

F(1,42) = 4.5538, MSE = 13.1980, p = 0.0387, R2 = 0.0867 F(2.41) = 42.4471, MSE = 0.9234, p < 0.0001, R2 = 0.6729 F(1.42) = 2.3942, MSE = 2.5955, p = 0.1293, R2 = 0.0581

B = −3.6875, se = 1.7244,
CI[−7.0939;−0.4042]

(a) B = −10.2925, se = 4.8232, t(42) = −2.1340, p = 0.0387,
95%CI[−20.0261;−0.5588], β = −0.2944

(b) B = 0.3583, se = 0.0389, t(41) = 9.2089, p < 0.0001,
95%CI[0.2797;0.4368], β = 0.8205 (c) B = −3.6780, se = 2.3770, t(42) = −1.5473, p = 0.1293,

95%CI[−8.4752;1.1191], β = −0.2410(c’) B = 0.0094, se = 1.4308, t(41) = 0.0066, p = 0.9948,
95%CI[−2.8802;2.8990], β = 0.0006

CHG_SV→ Cu→ GP

F(1,42) = 7.1830, MSE = 7.5428, p = 0.0105, R2 = 0.6914 F(2.41) = 43.5602, MSE = 0.9196, p < 0.0001, R2 = 0.6742 F(1.42) = 6.1337, MSE = 1.7838, p = 0.0174, R2 = 0.3526

B = −3.7818, se = 1.1871,
CI[−6.5858;−2.0545]

(a) B = −11.0336, se = 4.1169, t(42) = −2.6801, p = 0.0105,
95%CI[−19.3419;−2.7254], β = −0.6914

(b) B = 0.3428, se = 0.0432, t(41) = 7.9321, p < 0.0001,
95%CI[0.2555;0.4300], β = 0.7849 (c) B = −4.1381, se = 1.67090, t(42) = −2.4766, p = 0.0174,

95%CI[−7.5100;−0.7661], β = 0.5938(c’) B = −0.3563, se = 0.7581, t(41) = −0.4700, p = 0.6409,
95%CI[−1.8874;1.1748], β = −0.0511

CG_DNMV→ CG_SV
→ GP

F(1,42) = 4.5366, MSE = 0.0045, p = 0.0391, R2 = 0.4927 F(2.41) = 3.3356, MSE = 2.5015, p = 0.0455, R2 = 0.1138 F(1.42) = 0.0336, MSE = 2.7514, p = 0.8554, R2 = 0.0015

B = −7.1420, se = 3.3000,
CI[−13.8242;−1.1299]

(a) B = −0.8583, se = 0.4030, t(42) = −2.1299, p = 0.0391,
95%CI[−1.6716;−0.0451 ], β = −0.7019

(b) B = 8.3208, se = 4.0779, t(41) = 2.0405, p = 0.0478,
95%CI[0.0853;16.5564], β = 0.4705 (c) B = 0.8307, se = 4.5290, t(42) = 0.1834, p = 0.8554,

95%CI[−8.3093;9.9707], β = 0.0384(c’) B = 7.9727, se = 4.7204, t(41) = 1.6890, p = 0.0988,
95%CI[−1.5605;17.5058], β = 0.3687

1 IV—independent variables; M—mediator; DV—dependent variable; The DNMV, SV, CHH_SV, CHH_DNMV, CHG_DNMV, and CG_SV are the metAFLP quantitative characteristics
expressed in percentages and evaluated for triticale anther culture-derived regenerants and observed in specific sequences (CHH, CHG, CG). The GP states for green regenerants;
a = effect of the predictor (IV) on the mediator (M); b = effect of the mediator on the outcome (DV); c = total effect of focal predictor (IV) on the outcome (DV); c’ = direct effect of predictor
(IV) on the outcome (DV) while controlling for the mediator; IE = indirect effect of predictor (IV) on the outcome (DV) through the mediator (M); R2 = the amount of variance explained
by the model; SE = standard error; p = probability; 95%LLCI and ULCI = 95% lower and upper confidence interval; IE = indirect effect; CI (under IE) bootstrap values of confidence
interval (5000 bootstraps).
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4. Discussion

It is being suggested that copper ions are required by Cu/Zn dependent superoxide
dismutase (SOD1) and for cytochrome c oxidase in the respiratory chain, and that indi-
rectly affects the Yang cycle [43]. The ion concentration disturbances may result in DNA
methylation level changes [19,44]. Moreover, copper ions may participate in reactions with
methylated cytosine residues leading to SV [25]. Our results demonstrate that copper ions
mediated relationships between CHH_DNMV and CHH_SV that may reflect the role of
copper as a cofactor in biochemical pathways [45] affecting epigenetic mechanisms [46].
Furthermore, copper ions also mediated relationships between SV influencing CHH se-
quence contexts and GPs (CHH_SV→ Cu→ GP). The same relationship was shown for
SV of the CHG contexts and GPs (CHG_SV→ Cu→ GP). Sequence variation reflecting
CHH context participates in the number of green plants regenerated via anther culture
involving copper as a mediator (CHH_SV→ Cu→ GP). The process might be initiated
via de novo methylation of CHH sequences. The evaluation of de novo methylation of
the CHH asymmetric sequence (which is under epigenetic control [47]) and the de novo
methylation of symmetric CG sequences (controlled by genetic mechanisms during DNA
replication [47,48] and is subjected to the cellular repair machinery [49]) without copper
ions participation suggests, that both epigenetic and genetic mechanisms might be involved
in GP regeneration via anther culture in triticale.

It is well-known that methylation of the CHG sequence context is under genetic and
epigenetic mechanism control. Our result may suggest that epigenetic aspects may be
less pronounced than genetic ones in the case of GP regeneration and/or the number of
regenerants (sample size) evaluated in our experiment is too small to detect the input of
copper ions in this case. In general, the presented results are in agreement with those
for barley regenerants derived from zygotic embryos [25] where it was shown that de
novo methylation was influenced by copper ions. Furthermore, time of culture acted
as a moderator affecting the yield of GPs [27]. It should be stressed, however, that in
the GPs of barley time was significant not only in de novo methylation but also in DNA
demethylation [27] which seems to be not the case in triticale. Interestingly, analyses of
global DNA methylation changes in both species showed that in triticale [50] and barley [51],
the direction of changes is different. In triticale, a lowered level of global methylation in
regenerants compared to donors was shown, suggesting genome demethylation. However,
in barley, the direction is opposite, and there is a higher level of global DNA methylation
in regenerants. Furthermore, in barley the role of Ag(I) used as ingredients for in vitro
culture medium in the production of GP or its relationships with sequence variation or
DNA methylation change (DNMV, DMV in CG and CHG contexts) was demonstrated [44]
but was not shown in triticale anther culture-derived regenerants. The lack of identified
relationships of Ag(I) with DMV, DNMV, or GPs is surprising as silver ions are supposed
to substitute copper in SOD complexes [52,53] affecting its proper functioning and leading
towards sequence variation [54] or enhancing the regeneration processes in oat anthers [2].
We tend to think that the involvement of Ag(I) in varying relationships in triticale is masked
by limited sample size, or its role is less pronounced in comparison to barley. The notion
seems to be confirmed by the fact that in triticale, we observed increased demethylation of
the regenerants’ genome [50], whereas in barley, the opposite was observed [51]. Additional
experiments are needed to understand the differences between GPs in the two species.
The other discrepancy between barley and triticale regenerants is related to the longevity
of tissue culture. It is widely accepted that time of in vitro culture positively influences
SV [55]. Still, in triticale, the relationships between SV, DNMV, DMV in any sequence
context and Cu(II) and time of anther culture were not revealed. The reason for that is not
apparent, and both statistical issues and biological phenomena should be considered.

The relationships discussed above implicated that regeneration of green plants in
triticale is a complex phenomenon affecting DNMV and SV in different sequence contexts
and that copper ions may mediate relationships between them. It is not evident which
of the players have the most significant input into GPs. However, applying Lasso regres-
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sion analysis, one may try to identify such factors. However, the analysis showed that
all predictors of GP were influential. The CG_SV, in contrast to CHG_SV and CHH_SV,
positively influenced the GP values. This could be related to the genetic mechanism of DNA
methylation pattern reestablishment of the symmetric CG contexts [47–49] in contrast to
the CHH [56] and partially CHG contexts [57,58]. If the CHH and CHG sequence contexts
are methylated and then modified cytosine residues are subject to mutations, then the
repairing of such sequences (especially CHH) is not so precise as such contexts are either
completely (CHH) or partly (CHG) controlled by epigenetic mechanisms. The notion is
also supported by a positive coefficient of CG_DNMV and a negative one for CHH_DNMV.
Furthermore, the lasso regression results have demonstrated that most predictors influenc-
ing GP mediated by copper ions (CHH_DNMV, CHG_SV) negatively influence green plant
regeneration, whereas CG_SV and CG_DNMV variations not relaying on Cu(II) as a media-
tor positively affect the GP. Furthermore, Cu(II) also positively influences GP regeneration.
In the animal genomes CHH methylated sequences may undergo mutations following
oxidative mechanism that results in 5-formylcytosine (5fC), 5-carboxycytosine 5caC), and
5-hydroxymethylcytsine (5hmC). The first two modifications are rapidly repaired by the
base excision mechanism [59] and are involved in the active DNA demethylation path-
way [60]. The third modification is stable under physiological conditions and likely has
implications on many biological processes [61]. It cannot be excluded that the same may
be true for the plant genome, where 5caC, 5fC, and 5mhC have also been identified [62].
And the processes themselves concerning the active or passive removal of the 5hmC form
are still under investigation [63,64]. Besides, the positive action of the CG_DNMV and
CG_SV on the GP regeneration could be explained by the fact that in seed plants, CG
sequences’ methylation is low at the edges of genes and high in the gene body [65–68].
Thus, sequence mutations affecting CG genomic regions due to cytosine residues’ de novo
methylation increasing heterozygosity influence the GPs regeneration as indicated by the
positive effect of the CG_SV and CG_DNMV. On the other hand, the negative role of the
CHH_DNMV may be explained by the fact that such sequences are highly methylated in
the proximity of genes [65–68] possibly influencing gene regulatory regions. Interestingly,
sequence mutations of the CHH contexts related to cytosine methylation positively affect
the GPs, which might be explained by either increased heterozygosity of the DH plants or
the increased availability of the regulatory sequence putative gene expression. Remarkably,
sequence mutations of the CHG sequences, usually being low methylated in the gene
body [65–68] also could be expected to increase the DH plants’ heterozygosity and the GP
number, but this is not the case. It is possible that mutations in the CHG sequences may
result in C→T transitions, resulting in a stop codon (UAG) [69] and, thus, gene expression
abortion. Unfortunately, we failed to implement the CHG_DNMV as a mediator. Thus, we
have no data to support the notion that cytosine deamination in the CHG contexts is an
essential factor here.

The limitation of the study could be the sample size which might affect statistical
power. However, the evaluation of green plants under varying in vitro tissue culture
conditions may be problematic, as was the case here, in triticale. Still, we have succeeded
in regenerating 44 plants sufficient to achieve 0.82 of statistical power for all analyses.
Thus, moderation analysis was assumed to be conclusive, illustrating putative relationships
between analyzed variables.

5. Conclusions

The presented data demonstrates that triticale green plant regeneration via anther
culture seems to be influenced by sequence variation, including distinct sequence contexts.
In some cases, de novo methylation of the sequences precedes SV. Interestingly CHH and
CHG contexts affecting GP are controlled by copper ions in contrast to the CG sequences.
Thus, it seems that distinct sequence contexts have a different effect on GPs. Furthermore,
CG_SV seems to be influential predictor of GPs. The mediation model presented here
assumes that the addition of Cu(II) to IM affects cytosine methylation within CHH contexts,
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resulting in SV. In turn, sequence variation and de novo methylation within CHH contexts
lead to increased regeneration efficiency of green regenerants. This last observation is
essential from a practical point of view because androgenesis in some cereal plants is a
process with low efficiency.

Moreover, the models, which describe the relationships between the components of
the culture media, concerning biochemical cycles and the efficiency of androgenesis may
have their practical aspect leading not only to a better understanding of plant regeneration
but also to the possibility of improving the efficiency of obtaining plants that are doubled
haploids.

The involvement of Cu(II) in the GPs suggests that disturbances of Cu(II) ions present
in the IM may affect the ETC in the mitochondrial respiration chain and/or the Yang cycles,
influencing the de novo DNA methylation required for sequence variation in the case
of some sequence contexts. Still, analysis involving an enlarged sample size is needed
to reveal more complex relationships between analyzed characteristics reflecting cellular
phenomena.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells11010084/s1, Table S1: Oligonucleotides applied for metAFLP in triticale.
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32. Machczyńska, J.; Orłowska, R.; Zimny, J.; Bednarek, P.T. Extended metAFLP approach in studies of the tissue culture induced
variation (TCIV) in case of triticale. Mol. Breed. 2014, 34, 845–854. [CrossRef] [PubMed]

33. Orłowska, R.; Bednarek, P.T. Precise evaluation of tissue culture-induced variation during optimisation of in vitro regeneration
regime in barley. Plant Mol. Biol. 2020, 103, 33–50. [CrossRef]
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