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Abstract
Abiotic stress conditions (e.g., wounding, sterilization) are often together with plant growth regulators (e.g., 2,4-d), con-
sidered as one of the most important factors initiating plant somatic embryogenesis (SE). The first goal of this work was to 
answer whether leaf explants of the Medicago truncatula non-embryogenic (M9) line and its embryogenic variant (M9-10a) 
respond equally to mechanical and chemical stress by analyzing ROS (reactive oxygen species, e.g., O2

•−,  H2O2) localiza-
tion, ROS scavenging enzyme activity and expression of genes encoding these enzymes. In explants of both lines, the stress 
response induced by wounding and chemical sterilization and the defense reaction during the 1st week of callus growth was 
similar. These defense mechanisms first involve an increase in SOD and CAT activity, later APX. 2,4-d, present at a low 
concentration (0.5 µM) during the induction phase (IP), is necessary for embryogenic callus formation and, consequently, 
for embryo development. This herbicide in higher concentrations causes an increase in O2

•− accumulation and in antioxidant 
enzyme activity; however, it does not block the formation of callus and somatic embryos, though it disturbs these processes. 
Moreover, inhibition or blocking studied processes by DPI, an inhibitor of NADPH oxidase responsible for the production 
of O2

•− and also lowering the expression of genes encoding the antioxidant enzymes leading to change in their activities, 
clearly indicate that a certain level of ROS is necessary to induce SE.

Key message 
During somatic embryogenesis of Medicago truncatula stress does not affect the acquisition of embryogenic competence, 
but certain level of ROS and 2,4-D are necessary to induce this process.

Keywords Somatic embryogenesis · Fabaceae · Oxidative stress · ROS · 2,4-D · DPI
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Introduction

Plant cells have the unique ability to change their develop-
mental program from vegetative to embryonic in a multistep 
process known as a somatic embryogenesis (SE). During 
embryogenesis, the somatic cells of the explant must pass 
through four stages, of which the most important are induc-
tion and dedifferentiation. Each of these stages requires 
changes in plant cells on the genetic, epigenetic, proteomic 
and biochemical level, which results in their dedifferentia-
tion to the meristemic state and then differentiation into 
somatic embryos (Zavattieri et al. 2010; Rose 2019). SE is 
one of the most investigated plant regeneration systems, but 
so far, the induction and regulation mechanisms have not 
been fully understood because of the complicated processes 
at the cellular level.

Many conditions influence the ability of somatic cells to 
dedifferentiation. Auxins and cytokinins are the key regula-
tors of the division and differentiation of plant cells. These 
regulators are most often used to control organ regeneration, 
callus induction and somatic embryogenesis. Together, they 
stimulate the processes of dedifferentiation and reprogram-
ming of somatic cells (Rose et al. 2013). The most com-
monly used inducer is an herbicide with the properties of 
auxin in the form of 2,4-dichlorophenoxyacetic acid (2,4-d). 
In low concentrations, it stimulates plant growth, while in 
high concentrations it acts as an herbicide that interferes 
with normal functioning and causes damage, which in turn 
can lead to death (Grossmann 2010). Therefore, 2,4-d acts 
simultaneously as a plant growth regulator and a herbicide 
that causes stress in cells (Fehér 2015). 2,4-d also induces 
the acquisition of competence for embryogenesis by plant 
cells. In SE, it can act as an auxin or modify the intracel-
lular indolylacetic acid (IAA) metabolism. It can also act as 
a stress factor leading to an aerobic explosion in the cells 
(Karami and Saidi 2010). 2,4-d increases the production 
of superoxide radical (O2

•−) and hydrogen peroxide  (H2O2) 
in Pisum sativum seedlings (Romero-Puertas et al. 2004) 
and Vigna radiata leaves (Karuppanapandian et al. 2011). 
Numerous studies have shown that stress promotes cell dedi-
fferentiation and also may induce the formation of somatic 
embryos (Zavattieri et al. 2010; Elhiti and Stasolla 2015).

In addition, the number of external stresses needs to be 
considered in the context of SE regulation. Regeneration 
procedure starts with detachment of explant from mother 
plant (wounding stress), subject it to surface sterilization 
(oxidative stress) and put it on artificial medium (dehydrata-
tion/osmotic stress) (Nolan et al. 2006). The consequence of 
the above-mentioned stresses is, among others, an increase 
in the production of reactive oxygen species (ROS), includ-
ing such reactive oxidants as O2

•−,  H2O2 and others. One of 
the main sources of ROS formed in cells as a result of stress 

factors is the nicotinamide adenine dinucleotide phosphate 
oxidase (NADPH oxidase). NADPH oxidase produces O2

•−, 
which spontaneously or as a result of superoxide dismutase 
(SOD) dissociates into  H2O2. The  H2O2 is then transformed 
into  H2O as a result of such activities as catalase (CAT) 
activity and ascorbate peroxidase (APX) activity. Earlier, 
we showed that the subjection of Medicago sativa tissue 
to mechanical and chemical treatments during the initial 
steps of SE resulted in a rapid and high accumulation of 
stress-related hormones, i.e. abscisic acid (ABA), jasmonic 
acid (JA) and JA precursor, cis-12-oxo-phytodienoic acid 
(OPDA), but did not alter the endogenous auxin level (IAA; 
Ruduś et al. 2009). The increase in ABA, JA and OPDA 
contents in initial explants is apparently the first signal for 
developmental changes such as cell division and the estab-
lishment of embryogenic competence, which can be trig-
gered by cellular stresses (Pasternak et al. 2007). Increasing 
evidence suggests that ROS might function as a signal mol-
ecule transducing external stimuli into cellular responses and 
the involvement these ROS in various hormone-dependent 
developmental processes (Pasternak et al. 2007). In addition, 
competence to the induction of SE is highly correlated with 
the genotype, as exemplified by two Medicago truncatula 
Gaertn. embryogenic variants; 2HA and M9-10a (Nolan 
et al.1989; Neves et al. 1999), which are considered as model 
for the study of SE in species. Both lines were derived from 
non-embryogenic genotypes A17 and M9 respectively, 
which makes possible to compare when SE is “switched 
on” or “switched off”. To date, there is has been no data 
concerning the comparison of oxidative status in tissues of 
the non-embryogenic and embryogenic lines subjected to 
mechanical and chemical stresses.

Therefore the aim of the present study was to compare 
(i) accumulation of O2

•− and  H2O2 in primary explants of 
the non-embryogenic (M9) and embryogenic (M9-10a) 
lines of M. truncatula cv. Jemalong after mechanical and 
chemical stresses, (ii) the activity of antioxidant enzymes 
(SOD, CAT, APX) responsible for utilization of the above 
ROS, and (iii) the expression of genes encoding antioxidant 
enzymes during the 1st week of the induction phase (IP). 
Moreover, we checked if manipulation of the O2

•− level by 
2,4-d and the NADPH oxidase inhibitor, DPI, have influence 
on callus formation and somatic embryo production, and 
on the activity of antioxidant enzymes and the expression 
of genes encoding them during the 1st week of the IP of 
somatic embryogenesis.
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Materials and methods

Tissue culture protocol

Tissue culture was conducted using the M. truncatula cv. 
Gaertn. non-embryogenic (M9) and embryogenic (M9-10a) 
line according to the protocol described previously 
(Orłowska et al. 2017). For donor plant production, we used 
seeds of the above mentioned lines, kindly provided by Pro-
fessor Pedro Manuel Fevereiro, ITQB, Portugal (Neves et al. 
1999). Primary leaf explants were placed on standard SH 
(Schenk and Hildebrandt 1972) medium supplemented with 
0.5 µM 2,4-d and 1 µM zeatin or SH medium supplemented 
with 1 µM zeatin and 2,4-d in concentrations of 0, 1, 5, 20, 
50 μM or DPI in concentrations 1, 10, 100 μM and 0.5 μM 
2,4-d. Subsequently, the callus tissue was transferred to the 
MS differentiation medium (Murashige and Skoog 1962) 
for 14 days.

In situ localization of O2
•− and  H2O2

Localization of O2
•− and  H2O2 was determinate on leaf 

explants of the M. truncatula M9 and M9-10a lines after 
chemical (leaf explants were placed in 1% sodium hypochlo-
rite for 3 min, then rinsed three times in sterile distilled 
water) and mechanical (leaf explants, not treated with 
sodium hypochlorite, were cut with a sterile scalpel into 
squares with a side length of 1 cm and cut across the mid-
rib) stress treatments. The experiment was carried out in five 
independent biological replicates and each of them consisted 
of three trifoliate leaf explants (technical replicates). After 
1 min from applying the stress factor, leaf explants were 
placed in a staining solution or transferred to standard SH 
medium for 1 day and after this time O2

•− and  H2O2 were 
stained in the tissue. The in situ location of O2

•− and  H2O2 
was also determined in M9-10a tissues collected immedi-
ately from mother plants and after 2, 7, 14, 21 day of the SE 
induction phase cultured on medium containing 5 μM 2,4-d 
or 10 μM DPI. To obtain clear staining results, chlorophyll 
was removed from explants by boiling in a solution of 96% 
ethanol, 99.5% acetic acid and glycerol (v/v/v, 3:1:1) for 
30 min at 90 °C in a water bath.

In situ localization of O2
•− was carried out after staining 

explants in a solution of 6 mM nitro blue tetrazolium (NBT) 
in 10 mM Tris–HCl (pH 7.4) for 10 min at 25 °C in the dark. 
Pale yellow NBT reacts with O2

•− to form dark blue insoluble 
formazan (Fryer et al. 2002). For detection of  H2O2, explants 
were stained in a 5 mM 3,3-diaminobenzidine (DAB) in 
10 mM  Na2HPO4 and 0.05% Tween-20 for 90 min at 25 °C 
in the dark. The controls were explants incubated in 10 mM 
 Na2HPO4 and 0.05% Tween-20 in these same conditions. 

DAB reacts with hydrogen peroxide to form a brown polym-
erization product (Thordal-Christensen et al. 1997).

Antioxidant enzyme activity determination

To determine the activity of superoxide dismutase (SOD), 
catalase (CAT) and ascorbate peroxidase (APX), leaf 
explants of the M. truncatula M9 and M9-10a line were 
collected at 0, 1, 3, 5, 7 days of the IP incubated on induc-
tion medium supplemented with 1  μM of zeatin and 
one of the following compounds: 0.5 μM 2,4-d (M9 and 
M9-10a); 5 μM 2,4-d (M9-10a) or 10 μM DPI + 0.5 μM 
2,4-d (M9-10a). Five independent biological replicates were 
obtained per a time point and each of biological replicates 
consisted of five trifoliate leaf explants cultivated on inde-
pendent Petri dishes.

Antioxidant enzymes were isolated from 100 mg fro-
zen tissue. To determine the activity of SOD, tissue was 
homogenized in 4 ml of extraction buffer containing 0.1 M 
sodium phosphate buffer (pH 7.8), 1 mM ethylenediami-
netetraacetic acid (EDTA) and 2% polyvinylpyrrolidone 
(PVP). To determine CAT and APX, activity tissue was 
homogenated in 1.5 ml extraction buffer containing 0.1 M 
sodium phosphate buffer (pH 7.0), 1 mM EDTA and 1% 
PVP. All homogenates were centrifuged at 15,000×g 
for 20 min at 4 °C. The supernatants were collected and 
used for further analysis. Total proteins were determined 
according to the Bradford (1976) method.

The SOD activity was determined using a reaction 
solution containing 0.1 M sodium phosphate buffer (pH 
7.8), 13 mM methionine, 0.1 mM EDTA, 63 μM NBT and 
1.3 μM riboflavin and 0.1 ml plant extract (Giannopolitis 
and Ries 1977). The samples were illuminated for 45 min 
under 50 μM m−2  s−1 at 25 °C. The control was a reaction 
solution without the samples, which was illuminated in the 
same conditions. The blank solution was kept in the dark. 
The ability of SOD to inhibit the photoreduction of NBT 
by 50% was monitored at 560 nm.

To determine CAT activity, we used the protocol 
described by Aebi (1974). CAT activity was monitored 
for 1 min at 240 nm and evaluated by the degradation 
of  H2O2 in a reaction solution containing 10 mM sodium 
phosphate buffer (pH 7.0), 0.036%  H2O2 and 300 ml plant 
extract. The blank solution was 10 mM sodium phosphate 
buffer (pH 7.0) and 0.036%  H2O2.

The APX activity was determined according to the 
method of Nakano and Asada (1981). The oxidation rate 
of ascorbate by APX was measured at 290 nm for 1 min. 
The reaction solution containing 0.1 M sodium phosphate 
buffer (pH 7.0), 5 mM sodium ascorbate and 0.2 ml plant 
extract was incubated for 5 min at 35 °C. After this time 
1 mM  H2O2 was added and the oxidation rate of ascorbate 
by APX was measured at 290 nm for 1 min. The blank 
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solution contained 0.1 M sodium phosphate buffer (pH 
7.0) and 5 mM sodium ascorbate. The activity of SOD, 
CAT and APX were expressed in nkat  mg−1 protein.

Protein alignment and phylogenetic analysis

The amino acid sequences of APX proteins from the 
Arabidopsis thaliana database (https ://www.arabi dopsi 
s.org/) were used as queries to perform a BLASTp search 
against the M. truncatula genome (http://www.medic 
agoge nome.org/) and NCBI databases. The homology of 
full-length protein sequences was checked by sequence 
alignment analysis using the ClustalW function of the 
Geneious 6.1 software (http://www.genei ous.com, Kearse 
et al. 2012). The phylogenetic trees were based on the 
Neighbor-Joining method with the bootstrap parameter 
was set to 1000.

Gene expression analysis

Total RNA was extracted from the plant material at 0, 1, 
3, 5 and 7 days of the IP incubated on induction medium 
supplemented with 1 μM of zeatin and one of the following 
compounds: 0.5 μM 2,4-d (M9 and M9-10a); 5 μM 2,4-
d (M9-10a) and 10 μM DPI + 0.5 μM 2,4-d (M9-10a) as 

described previously (Orłowska and Kępczyńska 2018). 
Primer sequences of genes encoding SOD, CAT and APX 
for qPCR are listed in Table 1. All the experiments were car-
ried out in triplicate. The results are expressed as mean ± SD. 
Statistical analyses were performed using ANOVA followed 
by Tukey’s HSD post hoc test. Differences between the 
mean values were considered to be significant at p < 0.01 
or p < 0.05.

Table 1  Description of the 
analyzed genes and their primer 
sequences

Gene name short Accession number 
nucleotide/protein

Gene symbol Primer sequence

CuZnSOD1 XM_003606280.2 MTR_4g057240 F: CTC CAG GGC TTC ATG GTT TTC 
XP_003606328.2 R: CCG TGT GTC AAC TGG TTA GGATT 

CuZnSOD3 XM_003618899.2 MTR_6g029200 F: ACC ACC AAT GGC TGC AAC TC
XP_003618947.1 R: TAC CCA AAT CAC CGG CAT GT

CuZnSOD4 XM_003626314.2 MTR_7g114240 F: TGA GAC TCG ACA TGC TGG TG
XP_003626362.1 R: TTT GGT CCG GTG AGA GGG AT

FeSOD1 XM_013611853.1 MTR_1g048990 F: ATG CTG TGA ACC CCC TTG TTT 
XP_013467307.1 R: TCA GGA CGC CGA TTC TGA TAG 

FeSOD2 XM_013605625.1 MTR_3g078860 F: GGG AGA GCA TCA TCG GAA TTT 
XP_013461079.1 R: TGT CAC TTT GAC CAG TTC ATCCA 

MnSOD XM_013606079.1 MTR_3g094250 F: GTT CAA CGG TGG AGG TCA TATCA 
XP_013461533.1 R: CCA TCC CAG GGC TTC CTT T

CAT1 XM_013606823.1 MTR_3g115370 F: CGC ACC TGA CTT GTG CAG ATT 
XP_013462277.1 R: GTT TCA GGG CTA CCA CGT TCA 

APX1 XM_003606462.2 MTR_4g061140 F: GCA TGG CAC TCT GCT GGA A
XP_003606510.1 R: CGT TGT TAG CAC CAT GAG CAA 

APX3 XM_003607151.2 MTR_4g073410 F: TCT CAT CGC CAA CAG AAA CTGT 
XP_003607199.1 R: AGC ATT AGG TCC ACC GGT CTT 

APX5 XM_003612157.2 MTR_5g022510 F: AGC TGA ACC ATG CTG CTA ACAA 
XP_003612205.2 R: TGG TAA AGG TCC GCA TAT GAAA 

APX6 XM_003603341.2 MTR_3g107060 F: TTG TCT GGA GCC CAC ACT CTT 
XP_003603389.1 R: AAG GCG TCC ATG GCT TCT C

Fig. 1  In situ location of O2
•− in primary leaf explants of non-embryo-

genic (M9) and embryogenic (M9-10a) lines of Medicago truncatula 
after chemical and mechanical stress

https://www.arabidopsis.org/
https://www.arabidopsis.org/
http://www.medicagogenome.org/
http://www.medicagogenome.org/
http://www.geneious.com
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Results

Accumulation of O2
•− and  H2O2 in primary explants 

of non‑embryogenic and embryogenic lines 
of M. truncatula under the influence of chemical 
and mechanical stress

Insoluble blue formazan precipitates did not appear on 
leaf explants of either tested line in response to sodium 
hypochlorite (chemical stress; Fig. 1), indicating the lack 
of accumulation of O2

•−. However, after mechanical stress 
treatment, blue formazan crystals were visible at the tissue 
wounding sites. Formazan appeared just 1 min after the inci-
sion, covering all the damaged areas of the explants of both 
lines, and was also detected on the 1st day of induction. In 
contrast to O2

•−,  H2O2 accumulation was observed in the M9 
and M9-10a tissue after both chemical and mechanical stress 
(Fig. 2). Sterilization of explants with sodium hypochlorite 
induced an accumulation of hydrogen peroxide, visible as a 
brown color, along the midrib in the explants of both ana-
lyzed M. truncatula lines. After mechanical damage in the 
midrib of both line explants,  H2O2 was observed only on the 
1st day of IP. Thus the response to chemical and mechanical 
stress in tissue of both lines was the same.

The activity of antioxidant enzymes 
and the expression of its encoding genes 
during the IP

In response to abiotic stresses, accumulation of O2
•− and 

 H2O2 was found to be similar in the tissues of both lines, so 
it was interesting to check the enzyme superoxide dismutase 
(SOD), catalase (CAT) and ascorbate peroxidase (APX) 

activity and the expression of the genes encoding these 
antioxidant proteins during the 1st week of the IP, because 
in this period key changes in the expression of genes occur.

On the 1st day of the IP in the explants of both lines, 
a rapid increase (twofold) of SOD activity was observed 
(Fig. 3a), which remained at a similar level to the 3rd day in 
the explants of both lines. After this, there was a decrease 
in enzyme activity, which showed a constant value from the 

Fig. 2  In situ location of  H2O2 in primary leaf explants of the non-
embryogenic (M9) and embryogenic (M9-10a) lines of Medicago 
truncatula after the chemical and mechanical stress
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Fig. 3  Superoxide dismutase (SOD, a), catalase (CAT, b) and ascor-
bate peroxidase (APX, c) activity during the induction phase (7 days) 
in the non-embryogenic (M9) and embryogenic (M9-10a) line of 
Medicago truncatula. Statistical analyses, ANOVA with confidence 
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5th to 7th day. There were no significant differences in SOD 
activity between both lines. At the same time, the expres-
sion of genes, earlier identified in the M. truncatula genome 
(Song et al. 2018), encoding SOD were also analyzed. Of 
the three genes encoding copper-zinc superoxide dismutase, 
only CuZnSOD4 was characterized by a gradual increase in 
the level of transcription from the 1st day of induction in 
both analyzed lines (Fig. 4c). On the 7th day, the expres-
sion of this gene was eight and fivefold higher compared 
with its expression in the primary explants in the M9 and 
M9-10a lines, respectively. A completely different expres-
sion dynamic in leaf explants of both lines had two other 
CuZnSOD genes (Fig. 4a, b). Until the 1st day of the IP, 
the transcription decreased, about sixfold for CuZnSOD1 
(Fig. 4a) and about fourfold for CuZnSOD3 (Fig. 4b). In the 
following days, a slight increase in expression was observed, 
but it was still at a lower level than in the primary explants. 
Two genes encoding iron superoxide dismutase (FeSOD) 
were characterized by an expression dynamic other than 
that for the above-mentioned genes (Fig. 4d, e). The level 
of FeSOD2 transcription almost did not change during the 
1st week of induction in either line (Fig. 4e). The expres-
sion of FeSOD1 increased about tenfold on the 1st day, then 
gradually decreased, reaching a similar level of transcription 
as in the primary explant on the 5th day (Fig. 4d). The last 
analyzed gene was manganese superoxide dismutase. The 
expression of MnSOD increased gradually until the 3rd day 

(a threefold increase), then remained constant until the 7th 
day of the IP (Fig. 4f). Transcript level of genes encoding 
SOD did not show significant differences between both lines 
(except 5th day of CuZnSOD3 and 7th day of CuZnSOD4). 

Figure 4
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Fig. 4  Timecourse study of MtCuZnSOD1 (a), MtCuZnSOD3 (b), 
MtCuZnSOD4 (c), MtFeSOD1 (d), MtFeSOD2 (e) and MtMnSOD 
(f) expression in the non-embryogenic (M9) line of Medicago trun-
catula and its embryogenic variant (M9-10a) during the induction 
phase (7 days) on a standard medium. Gene expression was normal-

ized to ACTIN2 and relative to the lowest observed transcription. Bars 
show standard deviation. Solid and dotted lines represent the M9 and 
M9-10a lines, respectively. Statistical analyses, ANOVA with confi-
dence interval 0.05, significance between groups indicated as * for 
P ≤ 0.05, ** for P ≤ 0.01, *** for P ≤ 0.001 and **** for P ≤ 0.0001
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P ≤ 0.001 and **** for P ≤ 0.0001
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Activity of  H2O2 scavenger enzymes, CAT and APX, was 
also determined during the 1st week of the IP. During the 1st 
day, a 1.5-fold increase in CAT activity was observed in both 
tested lines (Fig. 3b). In the following days, CAT activity 
gradually decreased, and on the 7th day, it was similar to that 
observed in the primary explants. Presently only one gene 
encoding CAT is known in the M. truncatula genome, CAT1 
(Polidoros et al. 2003). Its expression in primary explants 
was the highest, then rapidly decreased about 2.5-fold in 
the M9 line and 1.5-fold in the M9-10a line on the 1st day 
of induction (Fig. 5). In the following days, its transcription 
remained at a similar level in both tested lines of M. trunca-
tula. The high expression of the CAT1 in primary explants 
does not coincided with the CAT activity. The rapid decrease 
in CAT1 expression observed in subsequent days was accom-
panied by a gradual decrease in the activity of the enzyme 
(Fig. 4b) coded by this gene after the 1st day of the IP. There 
were no significant differences in CAT activity and expres-
sion of gene encoding it between both lines.

APX, the second enzyme, responsible for utilization of 
 H2O2 was characterized by a different dynamic of activ-
ity compared with SOD and CAT during the IP (Fig. 3c). 
In contrast to these two, the activity of APX in primary 
explants was the highest and during the 1st day of the IP 
and rapidly decreased (about a twofold decrease, Fig. 3c). 
During later days, the activity gradually increased, and at 
the end of the 1st week of the IP, the activity reached a 
similar level to that of the primary explants. Next, before 
the APX gene expression experiment, sequence alignment 
analysis of the proteins encoded by these genes was carried 

out. Four ascorbate peroxidase proteins in M. truncatula 
were identified. These are APX1, APX3, APX5 and APX6, 
which separate into distinct clades (Fig. 6). Amino acid 
analysis showed that all the orthologous proteins found in 
the Fabaceae family belong to the same clades. M. trunca-
tula APX1 is 81% identical to Arabidopsis thaliana APX1, 
while MtAPX3 shows 78% similarity to AtAPX3. The M. 
truncatula APX5 and APX6 amino acid sequences are 66% 
similar to the orthologous proteins found in A. thaliana. All 
identified genes were expressed during 7 days of the IP in 
both lines, but their expression profiles differed. Of the four 
genes encoding ascorbate peroxidase, only APX1 showed a 
twofold increase in expression up to the 3rd day of induc-
tion in both M. truncatula lines and remained unchanged 
until the 7th day (Fig. 7a). Expression of the three remaining 
genes decreased during the 1st day of the IP, followed by an 
increase to the 3rd day (Fig. 7b–d). The APX3 and APX6 
transcription levels did not change significantly between the 
3rd and 7th days in either line. Between the fifth and 7th 
days, APX5 expression decreased in the M9-10a line, and 
was at a lower level than in the M9 line (Fig. 7c). There were 
no significant differences in APX activity and expression 
of genes encoding it between both lines (except 7th day of 
APX5 and 5th day of APX6).

Thus, the production of free radicals associated with 
chemical and mechanical stress is controlled during the 1st 
week of the IP by an efficient enzymatic antioxidant system; 
the genes encoding SOD, CAT and APX were expressed and 
as consequence, the expression translated into the activity 
of the enzymes encoded by these genes. During the 1st day, 
there was a very high increase in SOD and CAT activity, 
which gradually fell off to the 7th day. However, after the 1st 
day, APX activity continued to grow up until 7 days, reach-
ing the highest level of activity among the three enzymes 
tested.

Effect of the presence of 2,4‑d and DPI during IP 
on callus growth and embryo development

Because ROS, as O2
•− and  H2O2, are present in explants dur-

ing the 1st week of the SE induction phase, it was interesting 
to check if the herbicide 2,4-d, known for auxin-like prop-
erties, and DPI influenced the process of callus develop-
ment and embryo formation. A lack of 2,4-d in the medium 
resulted in no formation of callus on leaf explants of the M. 
truncatula embryogenic line during the IP, thus no embryos 
were formed during the differentiation phase. The presence 
of 2,4-d at 0.5 μM (standard medium) caused the develop-
ment of light yellow callus characterized by a loose, granular 
structure. The entirety of the explants was overgrown with 
callus, which, after 14 days after transfer onto differentiat-
ing medium, was covered with embryos at various stages 
of development (Fig. 8). 2,4-d at 1 μM caused a change 

Fig. 6  Unrooted phylogenetic trees based on deduced amino acid 
sequences of Medicago truncatula ascorbate peroxidases (APX). 
At—Arabidopsis thaliana, Bn—Brassica napus, Ca—Cicer arieti-
num, Gm—Glycine max, Mt—Medicago truncatula, Pv—Phaseolus 
vulgaris, Sl—Solanum lycopersicum, Tc—Theobroma cacao 
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in callus color from light yellow to dark yellow, but did 
not affect the ability to form embryos on a differentiating 
medium. A tenfold increase in 2,4-d concentration (5 μM) 
during the IP relative to its concentration in the standard 
medium caused callus to develop only at the cutting sites 
rather than on the entire surface of the explant. Moreover, 
its structure was looser compared with the standard medium; 
however, after 14 days, only embryos in the globular stage 
were observed on the differentiating medium. 2,4-d at even 
higher concentrations (20 μM and 50 μM) did not cause the 
inhibition of callus growth (Figs. 8 and 9), but it affected its 
structure. Either the callus was loose (20 μM) or compacted 
and hard (50 μM). In addition, these calluses, after being 
transferred to the differentiation medium, were able to form 
embryos, but only in the globular stage.

DPI supplied at 1, 10 and 100 μM in the presence of 
0.5 μM 2,4-d caused a substantial inhibition in callus growth 
(Fig. 8). In the presence of 1 μM of this compound, cal-
luses appeared only in the central part of the explant, near 
the midrib. The mass of the formed calluses was 6.5-fold 
lower compared with the mass of this tissue on the stand-
ard medium (Fig. 9). The application of DPI during the IP 

at 1 μM had no significant effect on subsequent somatic 
embryo production on the differentiation medium (Fig. 8). 
This inhibitor at higher concentrations, 10 and 100 μM 
reduced the ability of leaf explants to produce calluses and, 
as a consequence, somatic embryos.

The obtained results clearly indicate that 2,4-d is required 
for the proper course of SE in the M. truncatula embryo-
genic line, but at the appropriate concentration (0.5 μM) 
because in concentrations above 5 μM, it disturbs the for-
mation of somatic embryos. Inhibition by DPI indicates that, 
O2

•− produced by NADPH oxidase in the early stages of the 
SE seems to be necessary to initiate this process.

Effect of elevated concentrations of 2,4‑d and DPI 
during the IP on the oxidative status

The DPI present during the induction phase and 2,4-d in 
elevated concentrations caused disturbances in the quality 
of developing callus and the resulting embryos (only at the 
globular stage). Thus in subsequent experiments, we checked 
whether these compounds at selected concentrations (5 μM 
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and MtAPX6 (d) expression in the non-embryogenic (M9) line of 
Medicago truncatula and its embryogenic variant (M9-10a) during 
the induction phase (7  days) on a standard medium. Gene expres-
sion was normalized to ACTIN2 and relative to the lowest observed 

transcription. Bars show standard deviation. Solid and dotted lines 
represent the M9 and M9-10a lines, respectively. Statistical analyses, 
ANOVA with confidence interval 0.05, significance between groups 
indicated as * for P ≤ 0.05, ** for P ≤ 0.01, *** for P ≤ 0.001 and 
**** for P ≤ 0.0001
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2,4-d and 10 μM DPI) had an effect on the oxidative status 
in tissues of the M. truncatula embryogenic line (M9-10a).

In leaf explants cultured in presence of 5  μM 2,4-d 
medium, blue formazan crystals, indicating O2

•− accumula-
tion, occurred over a larger area compared with explants 
cultured on standard medium (0.5 μM 2,4-d; Fig. 10). After 

the 1st day of IP, the O2
•− was found not only in wounds, but 

also in the area of the intact leaf blade. In the following days 
(from the 3rd to 7th days) intense blue formazan precipitates 
were visible only in places of wounding. After the 7th day, 
the callus formation was accompanied by a high accumula-
tion of O2

•−, which was visible both on the standard medium 
(0.5 μM 2,4-d) and much more apparently in presence of 
5 μM 2,4-d.  H2O2 accumulated at wounding sites until the 
7th day of induction (brown color) in explants incubated on 
induction medium with 5 μM 2,4-d, similar to what occurred 
on the standard medium (0.5 μM 2,4-d; Fig. S1). After 2 and 
3 weeks,  H2O2 accumulated mainly in the formed callus. The 
DPI present in the medium blocked accumulation of both 
O2

•− and  H2O2 in M. truncatula leaf explants (Fig. 10 and 
Fig. S1). We also checked whether the observed changes in 
the accumulation of the above-mentioned ROS under the 
influence of 2,4-d (5 μM) and DPI (10 μM) are related to 
their influence on the activity of antioxidant enzymes and 
expression of genes coding them during 1st week of the IP. 
In this experiment, the expression of only those genes that 
showed the greatest similarity to the enzyme activity in the 
embryogenic line was analyzed. When 2,4-d at 5 μM was 
present in the induction medium, a significant nearly 2.8-
fold increase in SOD activity occurred on the 1st day of 
induction, which was about 1.5-fold higher than in the pres-
ence of 0.5 μM 2,4-d on the same day (Fig. 11a). The high 
level of this enzyme persisted until the 3rd day, and then 
reached the value observed in the primary explant. 2,4-d at 
5 μM caused a significant fivefold increase in transcription 
of gene encoding FeSOD1 on the 1st day of the IP, while on 
the standard medium, a tenfold increase in the expression of 
this gene was observed. In both cases between 1st and 3rd 
day, transcription of FeSOD1 dropped sharply (Fig. 12a). 
In turn after the addition of 10 μM DPI to the medium, high 
SOD activity (a twofold increase compared with the initial 
explant) was observed on the 1st day of induction, then grad-
ually decreased. Expression of FeSOD1 in tissues incubated 

Fig. 8  Effect of 2,4-d and DPI on the ability to form callus tissue 
and somatic embryos in the embryogenic line (M9-10a) of Medicago 
truncatula 

Fig. 9  Growth of the Medicago truncatula embryogenic line 
(M9-10a) callus after 21 days of induction on SH medium with the 
addition of different concentrations of 2,4-d and DPI. The red line 
indicates the mass of the leaf explant on day zero of the induction 
phase. The orange bar shows the callus mass on a standard medium

Fig. 10  Effect of 2,4-d (5 μM) and DPI (10 μM + 0.5 μM 2,4-d) on 
superoxide radical content in the embryogenic line (M9-10a) of Med-
icago truncatula during the induction phase
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in the presence of DPI dropped and was non-detectable from 
1st day of IP.  

Similar to SOD, CAT activity from the 1st day of the IP 
was significantly higher both in the presence of 2,4-d (5 μM) 
and DPI (10 μM) in comparison to the activity in the explant 
cultured on the standard medium (Fig. 11b). By the 7th day, 
a decrease in the activity of this enzyme was observed. In 
leaf explants cultured on induction medium containing 5 μM 
2,4-d, CAT1 expression gradually decreased to 5th day of 
induction (almost fourfold, Fig. 12b) and remained constant 

until 7th day. The dynamic of CAT1 expression was similar 
to that observed in presence of 0.5 μM of 2,4-d. As with 
SOD, CAT1 expression was not detected in presence of DPI 
from 1st day of IP.

2,4-d at 5 μM caused a significant threefold increase 
in APX activity between the 3rd and 5th days of induc-
tion (Fig. 11c). Of the three analyzed genes, only APX5 
was characterized by changes in expression during the 
1st week of induction (Fig. 12d). The transcription level 
of this gene increased approximately 5.5-fold on the 3rd 
day compared with day zero, and then decreased. In turn 
expression of APX3 did not change (Fig. 12c) and APX6 
transcription decreased gradually to the 5th day of the 
IP (about a twofold decrease) and remained constant 
(Fig. 12e). In presence of DPI, APX activity was simi-
lar to that observed in explants cultured on the standard 
medium (Fig. 11c) and as with the above genes; expres-
sion was not detected (Fig. 12c–e).

This results indicate that SE disturbance in the pres-
ence of 5  μM 2,4-d and 10  μM DPI overlapped with 
changes in O2

•− and  H2O2 accumulation, activity of anti-
oxidant enzymes and expression of the genes encoding 
them.

Discussion

It has been suggested that there is a relationship between 
increased production of ROS and the ability to form 
somatic embryos (Zavattieri et al. 2010; Rose 2019). Abi-
otic stress conditions (e.g., wounding, sterilization) are 
often together with plant growth regulators (e.g., 2,4-d), 
considered as one of the most important factors initiating 
plant somatic embryogenesis. The current results showed 
that in response to chemical (sterilization in sodium 
hypochlorite) and mechanical (wounding) stress the accu-
mulation of ROS in leaf explants of M9 and M9-10a is 
at a similar level, both in the case of location and speed 
appearance of O2

•− and  H2O2. In both lines, the antioxidant 
enzymatic system is active; during the 1st week of the IP, 
the activity of SOD increased sharply until the 1st day, 
which was correlated with  H2O2 appearing in the explants 
of both lines and the reduction of O2

•− accumulation. The 
high FeSOD1 expression of all tested genes (CuZnSOD1-4, 
FeSOD1-2, MnSOD) on the 1st day of the IP may indicate 
that the FeSOD isoform participates in the first reaction of 
plant tissue to stress. SOD activity in the SE process has 
been studied in many species of plants, but those studies 
are mainly concerned with embryo formation. In Lycium 
barbarum (Kairong et al. 1999), the increase in the activity 
of SOD during the differentiation phase is associated with 
the processes of cell differentiation. It is widely known 
that the activity of SOD results in accumulation of  H2O2 in 

Fig. 11  Effect of 2,4-d (0.5 and 5 μM) and DPI (10 μM + 0.5 μM 2,4-
d) on SOD (a), CAT (b) and APX (c) activity during the induction 
phase (7 days) in the embryogenic line (M9-10a) Medicago trunca-
tula. Statistical analyses were performed using ANOVA with con-
fidence interval 0.05 and Tukey’s HSD post hoc test. Significance 
between groups indicated as * for P ≤ 0.05, ** for P ≤ 0.01, *** for 
P ≤ 0.001 and **** for P ≤ 0.0001. Bars show standard deviation
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cells, which in subsequent stages can be converted to  H2O 
by CAT and APX. Previously, it was found that a decrease 
in catalase activity and an increase in the accumulation of 
 H2O2 during the differentiation phase induces the forma-
tion of somatic embryos in the Torilis japonica (Manivan-
nan et al. 2015), Lycium barbarum (Kairong et al. 1999) 
and Larix leptolepis (Zhang et al. 2010). Pasternak et al. 
(2007) have shown that initiation of the protoplast culture 
of M. sativa is associated with a decrease in catalase activ-
ity between 36 and 96 h, and an APX increase at 96 h. 
During the IP of SE in M. truncatula, maximal activity 
of CAT was observed only on the 1st day in both tested 
lines, and in subsequent days it gradually decreased, which 
is probably related to the dedifferentiation of leaf cells to 
form callus tissue. The high expression of the CAT1 gene 
in leaf explants and the subsequent rapid decrease in its 
transcription was accompanied by a gradual decrease in 
the activity of the enzyme encoded by this gene after the 
1st day of the IP. In contrast to the activity of catalase, 
the enzymatic activity of APX in the M9 and M9-10a 
lines reached the lowest value on the 1st day of the IP, 
then gradually increased, which coincides with the above-
mentioned results of Pasternak et al. (2007). To investigate 
the expression of genes encoding APX during the IP, it 
was necessary to identify those genes in the genome of 
M. truncatula. The presence of two microsomal (APX3 
and APX5) and cytosolic (APX1 and APX6) APX, which 
formed separate clades together with similar APX of the 

Fabaceae family was confirmed. All the above-mentioned 
genes were expressed during the 1st week of the IP. Three 
APX genes (APX3, APX5 and APX6) of four identified, had 
similar expression profiles. Thus, during the IP, the first 
line of defense against increasing accumulation of free 
radicals is an increase in the activity of SOD and CAT. 
The continuous decrease in CAT activity after the 1st day 
of the induction phase with a simultaneous increase in 
APX activity indicates that these two enzymes control the 
 H2O2 level, which seems to be important for furthering the 
course of SE and for the formation of somatic embryos.

The above results showed that primary explants of M. 
truncatula non-embryogenic and embryogenic lines do not 
differ in the ability to produce ROS. Neither do they differ in 
their defense reaction, such as antioxidant enzyme activity 
and expression of genes encoding them, to mechanical and 
chemical stress.

Similarly to cases of other plants, 2,4-d, an herbicide with 
auxin-like properties, is used to induce SE in M. truncatula 
(Neves et al. 1999). However, scant information is available 
about it causing the formation of abnormal embryos when it 
is used in the induction medium at too high concentrations 
(Garcia et al. 2019). It was interesting to determine whether 
this compound changes the oxidative status in tissues dur-
ing the IP. The present study confirmed that for induction 
of M. truncatula SE in M9-10a 2,4-d is essential at a low 
concentration (0.5 μM); its absence in the IP resulted in the 
blocking of embryogenic callus formation. The presence of 

Fig. 12  Effect of 2,4-d (0.5 and 5 μM) and DPI (10 μM + 0.5 μM 2,4-
d) on the expression of the MtFeSOD1 (a), MtCAT1 (b), MtAPX3 (c) 
MtAPX5 (d) and APX6 (e) gene during the induction phase (7 days) 
in the embryogenic line (M9-10a) Medicago truncatula. Gene expres-
sion was normalized to ACTIN2 and relative to the lowest observed 

transcription. Statistical analyses were performed using ANOVA with 
confidence interval 0.05 and Tukey’s HSD post hoc test. Significance 
between groups indicated as * for P ≤ 0.05, ** for P ≤ 0.01, *** for 
P ≤ 0.001 and **** for P ≤ 0.0001. Bars show standard deviation
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2,4-d in the induction medium at higher concentrations than 
0.5 and 1 μM does not inhibit, but disturbs the production 
of highly embryogenic callus and formation fully developed 
embryos; the embryos are only globular. This is probably 
due to the high accumulation of 2,4-d in the explant cells 
and further blocking of cell differentiation after transfer to 
a differentiating medium. Addition of 2,4-d to the induction 
medium in high concentrations in the culture of Glycine max 
(Shoemaker et al. 1991), Carya illinonensis (Rodriguez and 
Wetzstein 1998) and Theobroma cacao (Garcia et al. 2016) 
caused abnormalities in the development of embryos. 2,4-d 
leads to a loss of primary polarization of cells and interferes 
with the proper polar transport of auxins, which translates 
into disturbances in organogenesis (Karami et al. 2009; 
Karami and Saidi 2010). These disorders in the callus and 
embryo development in M. truncatula can be associated with 
the observed higher accumulation O2

•− in the presence of 
2,4-d at a concentration tenfold higher (5 μM) than what is 
optimal (0.5 μM). Thus the 2,4-d at an appropriately selected 
concentration in the induction medium stimulates the for-
mation of embryogenic callus tissue without disturbing the 
further development of M. truncatula somatic embryos.

The presence of DPI results in the suppression of O2
•− and 

consequently  H2O2, reducing the total ROS in plant cells 
(Cross and Jones 1986). In the M. truncatula culture, DPI at 
a concentration of 1 μM limits the formation of callus tissue; 
it appears only along the midrib of the explants. This inhibi-
tor present in a higher concentration (10, 100 μM) com-
pletely blocked the dedifferentiation of somatic cells and 
the formation of callus. Similar results were obtained in the 
Nicotiana tabacum protoplast culture, where the addition 
of 1 μM DPI to the medium limited cell division and DPI in 
higher concentrations blocked this process (Lee et al. 2017). 
The addition of DPI to the induction medium completely 
inhibited O2

•− accumulation in M. truncatula explants, which 
correlated with the inhibition of callus tissue formation.

These observed changes in ROS accumulation in the pres-
ence of 2,4-d (5 μM) and DPI (10 μM) results in a differ-
ent level of SOD, CAT, APX activity and the expression of 
genes encoding them, consequently determining the ability 
of somatic cells to enter into the pathway of embryogenesis. 
In presence of 2,4-d at 5 μM SOD activity increased, which 
may be associated with increased O2

•− accumulation at this 
time. After applying DPI, the lack of O2

•− and the low activ-
ity of SOD caused a reduction in the accumulation of  H2O2, 
but did not change the APX activity. No expression of CAT1 
in the presence of DPI was observed, although the enzyme 
encoded by this gene showed increased activity relative to 
that of day zero. In addition, in the cultures of M. trunca-
tula and N. tabacum, it has been shown that the enzymatic 
activity of catalase does not always coincide with the level 
of expression of the gene encoding it (Polidoros et al. 2003; 
Lee et al. 2017). In the presence of 5 μM 2,4-d until the 

3rd day of the IP CAT activity was maintained at a higher 
level than in explants cultured on the standard medium. 
Under the same conditions, an increase in APX between 
the 3rd and 7th days overlapped with a decrease in CAT 
activity. However, in the protoplast culture of M. sativa, an 
increase in 2,4-d concentration from 0.1 to 10 μM caused an 
increase in APX activity until the 1st day, which resulted in 
the development of proembryogenic cell clusters (Pasternak 
et al. 2002). In M. truncatula in presence of 5 μM 2,4-d, only 
APX5 showed a difference in its expression profile compared 
with that in the standard medium, which may indicate that 
only this gene undergoes transcription changes under the 
influence of a higher level of ROS in the cell.

In conclusion, the results of the present study indicates 
that response of the M. truncatula non-embryogenic and 
embryogenic line to chemical and mechanical stress is 
similar both in ROS production and in the activation of 
the defense reaction, despite the different capacity of these 
lines to form somatic embryos. These defense mechanisms 
involve first an increase of SOD and CAT activity and later 
APX. The presence of 2,4-d in low concentration (0.5 µM) 
during induction phase (IP) is necessary for the formation 
of embryogenic callus and consequently for the embryo 
development. Higher concentrations of this herbicide causes 
an increase in accumulation of O2

•− and in the activity of 
antioxidant enzymes, which does not block the formation 
of callus and somatic embryos, but limits these processes. 
However, the lack of 2,4-d in the induction medium inhib-
ited cell dedifferentiation. After supplementing the induc-
tion medium with DPI, the production of callus, and as a 
consequence somatic embryos, was drastically reduced or 
blocked. Inhibition of cells dedifferentiation by DPI due to 
blocking the production of O2

•− and lowering the expression 
of genes encoding antioxidant enzymes leading to a change 
in the activities of these enzymes indicates that a certain 
level of ROS are necessary to induce SE.
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