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Abstract
This study represents an optimized protocol for cell line culture of Matricaria chamomilla and the impact of clino-rotation on 
cell division, cell growth, and antioxidant enzyme activities for the first time. The cell suspension was transferred in the solid 
MS medium supplied with 2, 4-D, and KIN. Then the calli produced from a cell line were selected for callus subculture and 
clino-rotation treatment for 7 days by a 2D-clinostat. A significant rise of fresh and dry weights, cell division, total soluble 
sugar, reducing sugar, and starch contents were detected under clino-rotation. Protein content approximately unchanged in 
microgravity-treated calli. Antioxidant enzymes activities, such as peroxidase, catalase (CAT), and superoxide dismutase were 
elevated in calli exposed to microgravity. CAT activity showed a more than three-fold increase than that of control. Accord-
ing to native polyacrylamide gel electrophoresis, all the antioxidant enzymes isoforms were stronger in clino-rotated calli 
than that of the untreated control. Microgravity also stimulated H2O2 production and markedly adjusted lipid peroxidation 
in calli exposed to clino-rotation. These findings suggest that clino-rotation with stimulation of carbohydrate accumulation 
and antioxidant enzymes mitigates oxidative stress and improves growth and cell division.

Key message 
The isolation of M. chamomilla cell line with high growth was conducted to study the impact of clino-rotation on some cel-
lular and antioxidative enzyme responses. Clino-rotation stimulated the cell division and growth by induction of antioxidant 
enzyme activities.

Keywords  Cell division · Matricaria chamomilla · Lipid peroxidation · Antioxidative enzyme activity · Carbohydrate 
content

Introduction

Living organisms have evolved for over a billion years in 
a 1 g gravity on Earth. Gravity is a critical environmental 
factor that can impact plant development, growth, and evo-
lution. Alteration of gravity from 1 g to microgravity con-
ditions would make notable physiological changes, which 
would stimulate the adaptive response pathways (Kamal 

et al. 2018; Soleimani et al. 2019). Investigation of micro-
gravity biological impacts need to transfer samples on orbit, 
but access to space flight and the international space sta-
tion is limited by the high cost and prepare the crew for the 
flight. To overcome these limitations, ground-based facilities 
such as different kinds of clinostats and magnetic levitation 
are used to apply microgravity. Clinostats are the analog 
devices which induce partial or reduced gravity similar to 
the Moon and Mars conditions (Kiss 2014). This device 
rotates the specimens around one or more axes, and the cre-
ated microgravity by clinostat rotation (clino-rotation) alters 
with changing rotational speed (rpm) and sample placement 
radius (Dietlein et al. 2013; Kiss et al. 2019). Clino-rotated 
experiments are needed for complementarity and validity 
of the outcomes acquired in real microgravity (Kraft et al. 
2000).
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Cell division is a vital biological process that plays a 
crucial role in the growth and developmental processes and 
changes plant growth rate in reply to the stress (Cockcroft 
et al. 2000; Beemster et al. 2002). Recent studies exhibited 
that microgravity stimulated the changes in the cell cycle 
phases (Boucheron-Dubuisson et al. 2016), and decoupled 
cell proliferation and cell growth in the root meristematic 
cells of Arabidopsis thaliana (Manzano et al. 2013; Matia 
et al. 2010). Access to in vitro root meristem is restricted, so 
a homogenous population of cell suspension cultures with 
proliferating cells can provide a proper system to study cell 
growth and division (Menges and Murray 2002).

Microgravity and radiation are two major environmental 
stresses in space and can stimulate DNA injuries, including 
single or double-strand breaks, chromosome aberrations, 
and different mutations (Arena et al. 2014; Grimm et al. 
2002). Proteomic analysis of A. thaliana seedlings on the 
international space station has marked the up-regulation of 
the oxidative stress response, cellular metabolism, cell wall-
related, and other stress response proteins (Paul et al. 2011; 
Aubry‐Hivet et al. 2014; Ferl et al. 2015). Moreover, reduced 
gravity induced significant changes in amyloplast frequency, 
mitochondria dimension, number and size of nucleoli, and 
notable alteration in the regulation of cell cycle (Brykov 
2011; Desiderio et al. 2019; Lang et al. 2017). Gravity modi-
fication may also influence the active transportation of ions 
and charges particles through protein carriers, and temporary 
membrane invaginations (Clément and Slenzka 2006).

Matricaria chamomilla is a medicinal plant belonging 
to the Asteraceae family, and has various pharmaceutical 
properties, including anti-microbial, anti-cancer, and anti-
oxidant activities (Sebai et al. 2014; Silva et al. 2012; Patel 
et al. 2007; Hassanpour and Niknam 2020). Until now, little 
attention has been given to the association between anti-
oxidative responses and cell division of medicinal plants 
under clino-rotaion. Many stress conditions make cellular 
redox imbalances and induce reactive oxygen species (ROS) 
production. ROS has been proposed to act an essential sign-
aling role in reply to chemical and environmental stresses 
and affects cell viability, division, differentiation, apoptosis, 
and other physiological and biochemical responses (Zhao 
et al. 2007). However, there is still not much data about 
this subject on medicinal plant cells. So, the present study 
hypothesizes that clino-rotaion by induction of ROS could 
promote growth, cell division, and antioxidative capacity 
in Matricaria chamomilla cells. For all mentioned reasons, 
this research was managed to assess the effects of clino-
rotaion on growth, antioxidant responses, and anatomical 
alteration in M. chamomilla.

Material and methods

Callus culture and clino‑rotation treatment

Seeds of M. chamomilla are given by Pakan Bazr Com-
pany (Isfahan, Iran). All chemicals are bought from 
Sigma-Aldrich®, St. Louis, MO, USA, except otherwise 
have shown. Seeds were disinfected in hypochlorite solu-
tion 15% (v/v) for 15 min and then in 70% (v/v) ethanol 
for 1 min, accompanied by three rinses of sterile distilled 
water. The disinfected seeds were cultivated on half-
strength (½) Murashige and Skoog (MS) basal medium 
(Murashige and Skoog 1962) including 0.7% (v/w) agar 
and 0.3% (v/w) sucrose at a day-night temperature (25 °C), 
relative humidity (46%), and a 16-h photoperiod with 
white fluorescent light (46 μmol−1 m−2 s−1). For callus 
induction, 0.4–0.5 cm hypocotyl segments from 7-day-
old seedling were put to solid MS medium supplied with 
0.5 mg L−1 2, 4-D, and 1.5 mg L−1 KIN for three weeks. 
Then, the calli (0.6–0.7 g) were transferred to the same 
MS solid medium. The calli were put in the liquid MS 
medium with the same hormonal compositions and sub-
cultured every two weeks (Hassanpour and Niknam 2020). 
After four times of subculture, about 1 mL of cell sus-
pension was spread in the solid MS medium, and the cell 
lines were grown after three weeks. The cream callus lines 
with higher growth were subcultured in the center of Petri 
dish (the rotational radius (r) of 1 cm) and were located 
on a developed two-dimensional clinostat (designed and 
constructed by Paya Kesht Company, Iran) with 10 rpm 
rotational speed (ω), clockwise at 90° for one week 
(Fig. 1). The centrifugal force (g′) was measured with the 
equation of g′ = (2π/60)2rω2. The centrifugal acceleration 
was calculated from zero on the center to 1.12 × 10–3 g on 
the edge of the callus ring (Dietlein et al. 2013). At each 
test, three Petri dishes were fixed on the clinostat, and 
three of them were placed vertically (the same as clin-
ostat samples) on the ground with g = 1 as control and 
kept near the equipment under similar situations in terms 
of the 25 ± 2 °C temperature and 57% humidity. In the 
preliminary experiments, the growth parameters of M. 
chamomilla calli were investigated after 0, 3 and, 7 days 
of clino-rotation. The 7-day clino-rotated calli showed sig-
nificant difference with regards to fresh weight, dry weight 
and relative growth rate comparing to control. So, the 
one-week clino-rotaion selected for the next study. After 
1 week, the calli were harvested for physiological and bio-
chemical analyses. Five calli per treatment were applied 
for the measurement of fresh weight. These calli oven-
dried (50 °C for 48 h), and the dry weight was calculated.
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Microscopic analysis

The callus cells were fixed in ethanol: acetic acid solution 
(3:1) for 24 h, and then put into a 70% (v/v) ethanol solution 
and placed at 4 °C. The fixed calli were rinsed in distilled 
water, and hydrolyzed in HCl (1 N) at 60 °C for 15 min, and 
colored according to the Feulgen method for 45 min in the 
darkness. After staining, the cells were rinsed and digested 
in an enzyme mixture consisting of 1.5% (v/w) cellulase and 
20% (v/w) pectinase at 37 °C for 1 h. The cells were then 
rinsed and examined under a Nikon E200 microscope.

Sugar contents

The contents of reducing sugars, soluble sugars and starch 
were evaluated in 20 mL of 80% (v/v) ethanol at 95 °C for 
1 h from 0.5 g of fresh calli and centrifuged at 10,000g 
for 10 min. Total soluble sugars were examined by react-
ing 3 mL of the supernatant and 3 mL of anthrone rea-
gent [anthrone (150 mg) in 100 ml H2SO4 (72%) (v/v)] 
(EMSURE®, MerckKGaA) and putting in boiling water bath 
(10 min). The absorbance was registered at 625 nm (Yemm 
and Willis 1956), and total sugar was calculated based on 
the method of Irigoyen et al. (1992). The starch content was 
quantified based on the method of Nomura et al. (1969). 
Reducing sugars were evaluated based on the method as 
defined by Parida et al. (2002). Absorbance was registered 
at 510 nm.

Hydrogen peroxide and lipid peroxidation contents

Hydrogen peroxide (H2O2) level in 1 g fresh calli was ana-
lyzed through the method by Velikova et al. (2000), and 
absorbance was calculated at 390 nm by a standard curve. 
Malondialdehyde content (MDA) as a result of lipid per-
oxidation was calculated spectrophotometrically at 532 and 
600 nm through the method by Heath and Packer 1968.

Total protein content and antioxidant enzymes 
activity

Fresh calli (0.5 g) was extracted using 2.5 mL extraction 
buffer of Tris–HCl (1 M, pH 6.8) (EMSURE®, MerckK-
GaA), the extract was used for protein and enzymes assays. 
Fresh calli (0.5 g) was extracted using extraction buffer 
(Tris–HCl (1 M), pH 6.8), and the extract was applied for 
protein and enzymes assays. Total protein content was cal-
culated via Bradford (1976) method. Superoxide dismutase 
(SOD) activity was calculated by observing the inhibition 
of photochemical modification of nitroblue tetrazolium in a 
reaction compound, as specified by Giannopolitis and Ries 
(1977). POX and CAT activities were quantified via Abe-
les and Biles (1991) and Aebi (1984) methods, respec-
tively. POX and CAT activities were estimated according 
to the spectrophotometric method according to Abeles and 
Biles (1991) and Aebi (1984) methods, respectively. Elec-
trophoresis patterns of SOD and peroxidase (POX) were 
managed based on Laemmli (1970). SOD isoforms were 
monitored on gels based on the Beauchamp and Fridovich 
(1971) method. Three SOD isoforms, Fe-SOD, Cu/Zn-SOD, 
and Mn-SOD were recognized using inhibitors. Mn-SOD 

Fig. 1   Depiction of M. 
chamomilla cell line preparation 
(a), the position of fixed cell 
lines-containing Petri dishes 
at 90° on the clinostat device 
(b), schematic design of Petri 
dishes with callus line (r = 1) in 
clockwise direction (c)
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was visualized by its insensitivity to H2O2 (5 mM) and 
KCN (2 mM), while Cu/Zn-SOD reacted to KCN (2 mM). 
Fe-SOD was also inhibited by H2O2 (5 mM) according to 
Munns et al. (2003).

Statistical analysis

All experiments were performed with three or four times 
with three samples each to prove the reproducibility of the 
data and decrease errors. Statistical examination was per-
formed by Student’s T test by the SPSS (version 18), and 
the data were showed as with as the mean ± the standard 
error (SE). Differences were assumed significant at a p 
value < 0.05.

Results

In the current study, some growth and biochemical param-
eters were examined to gain a better understanding of 
clino-rotation effect in M. chamomilla calli. The effects 
of clino-rotation on callus fresh and dry weights were pre-
sented in Fig. 2, and showed a significant increase com-
pared to control. Clino-rotation resulted in a 112.86 and 
64.55% increase of fresh and dry weights as compared 
to their controls, respectively. Calli staining with Schiff 
reagent showed two nucleoli in control and clino-rotated 
cells. However, the rate of cell division and amyloplast 
content were markedly increased in clino-rotated calli 
(Fig. 3). Amyloplasts distributed throughout the cytoplasm 
in clino-rotated cells.

Statistical analysis of soluble and reducing sugars in 
clino-rotated and control groups showed a significant 
increase of the soluble and reducing sugars in the calli 
grown under clino-rotation. Starch concentration in the 

Fig. 2   Effect of clino-rotation 
on fresh weight (a), dry weight 
(b), and total protein content of 
M. chamomilla calli. Data are 
mean ± SE, n = 4. *Indicate sig-
nificant differences at p ≤ 0.05, 
according to Student’s t test

Fig. 3   Nuclear shape and cell division of M. chamomilla calli under 
control (a) and 2D-clinorotation. Control cells (a), clinostat treated 
cells (b), cell division calculated with nuclei. Bars are equaled to 

60 µm in a and b. Data are mean ± SE, n = 4. *Indicate significant dif-
ferences at p ≤ 0.05, according to Student’s t test
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clino-rotated samples was approximately 2 times over the 
control (Table 1).

To estimate oxidative damage, the H2O2 and MDA con-
tents were measured in calli. clino-rotation induced sig-
nificantly H2O2 content (40.45%) comparing to the control 
group, although MDA content showed a 21.69% decrease in 
clinostat-treated calli (Fig. 4).

Soluble protein content unchanged approximately under 
clino-rotation, but the activity of antioxidant enzymes 
increased significantly comparing to control (Table 1 and 
Fig. 5). The activity of SOD (51.02%) and POX (72.38%) 
increased in clinostat-exposed calli comparing to the con-
trol (Fig. 5a, b). The more increment of antioxidant enzyme 

activity was observed in CAT activity and showed a 3.54 
folds increase in clino-rotation condition over the control 
(Fig. 5c).

Various isoforms of antioxidant enzymes (SOD and 
POX) in treated calli and control groups have been identi-
fied by native polyacrylamide gel electrophoresis (PAGE). 
After gel putting of gels in KCN (3 mM) to inactivate Cu/
Zn-SOD and H2O2 (5 mM) for inhibition of Fe-SOD and 
Cu/Zn-SOD, different SOD isoforms were determined. As 
exhibited in Fig. 5d, three isoforms of SOD: one Mn-SOD 
isoform, and two Cu/Zn-SOD isoforms were determined in 
10% PAGE gel. Microgravity treatment caused a signifi-
cant increase in bands intensity of Cu/Zn-SOD isoform 
(Fig. 5d). The results are in agreement with the results of 
the spectrophotometric analysis of SOD activity in control 
and clino-rotated calli. PAGE analysis of POX activity 
exhibited two isoforms (POX1 and POX2) in the treated 
calli and control group (Fig. 5e). The increase in POX 
activity in treated calli seems to be largely due to the rise 
of band intensity of both isoforms.

Discussion

This study was carried out to sufficiently understand the 
clino-rotation impacts on some antioxidative enzyme activity 
and growth parameters of M. chamomilla calli. This finding 
shows the defense mechanisms of M. chamomilla calli after 
exposed to clino-rotation for the first time. Clino-rotation 
induced the fresh and dry weights of M. chamomilla calli. 
Cell division also raised markedly under clino-rotation 
(Figs. 2, 3). Growth alterations are the most obvious replies 
of a plant under stress situations, and microgravity can have 
extensive impacts on plant cell growth and development 
(Chen et al. 2015; Dauzart et al. 2016). It is well under-
stood that cell processes, including cell division, growth, and 
other parameters are modified under clino-rotation (Matía 
et al. 2010). Plant cell growth is associated with the proper 
coordination of many processes at the cellular level, such 
as cell proliferation, activation of ROS scavenger enzymes, 
stimulation of transcription factors, expression of genes, and 
etc. under stress situations (Matía et al. 2009; Shabrangi 

Table 1   Effect of clino-rotation 
on total soluble sugar, reducing 
sugar, and starch contents of M. 
chamomilla calli

Data are mean ± SE, n = 4
ns not significant
*Indicates significant at p ≤ 0.05 according to Student’s t test

Treatment Total solu-
ble sugar 
(mg g−1 FW)

Reducing sugar 
(mg g−1 FW)

Starch (mg g−1 FW) Total solu-
ble protein 
(mg g−1 FW)

Control group 63.71 ± 6.35 18.32 ± 1.35 34.32 ± 9.35 29.78 ± 2.35
Clinostat-rotated group 96.04 ± 10.21* 25.76 ± 3.21* 69.52 ± 13.11* 25.94 ± 3.21ns

Fig. 4   Effect of clino-rotation on H2O2 (a) and MDA (b) levels of M. 
chamomilla calli. Data are mean ± SE, n = 4. *Indicate significant dif-
ferences at p ≤ 0.05, according to Student’s t test
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Fig. 5   Effect of clino-rotation on the isoform patterns and activities of SOD (a, d), POX (b, e), and CAT (c) of M. chamomilla calli. Data are 
mean ± SE, n = 4. *indicate significant differences at p ≤ 0.05, according to Student’s t test

Fig. 6   Schematic representation of clino-rotation effects on defen-
sive system and growth induction. Clino-rotation causes osmotic 
and oxidative stresses in plants. Clino-rotation promotes H2O2 gen-
eration through NAD(P)H oxidase. Mitogen-activated protein kinases 
(MAPKs) may also stimulate, and following transcription factors 

activate the related genes with antioxidative enzyme (Sugimoto et al. 
2014). On the other hand, sugars accumulate and prepare carbon 
and energy source for growth and cell division under microgravity. 
Induction of antioxidative enzymes activities and sugar accumulation 
inhibit oxidative stress and help to induce cell division and growth
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et al. 2015; Foyer and Shigeoka 2011; Hassanpour et al. 
2017) (Fig. 6). Some studies demonstrated positive effects of 
clino-rotation and real space flight on plant cell proliferation, 
which in turn affects growth and development (Herranz and 
Medina 2014). Boucheron-Dubuisson et al. (2016) showed 
growth alterations and reduction of ribosome biogenesis 
under clino-rotation in root meristem cells of Arabidopsis. 
Moreover, the previous examination exhibited that parame-
ters can be related to the rate of ribosome biogenesis, namely 
nucleolar structure, nucleolar size, and nucleolin levels in 
clino-rotated A. thaliana (Matía et al. 2009). However, in 
M. chamomilla cells, clinostat-treated cells showed a higher 
potential of cell division, which resulted in increasing of 
growth rate and biomass. This may show the importance 
of gravity force on the cell cycle by the gravitational signal 
perception and its transport to nuclei.

The number of amyloplast and accumulation of total 
reducing sugars, soluble sugars, and starch increased signifi-
cantly in clinostat-treated M. Chamomilla calli comparing 
to control (Table 1). Accumulation of different carbohydrate 
constitutes has been previously reported under microgravity 
conditions (Mortley et al. 2008; Stutte et al. 2006). Carbo-
hydrates play a significant role in osmoprotectant, carbon 
and energy storages, production of compatible solutes, and 
radical scavenging in plant cells that support plant growth 
under stress (Parida and Das 2005). Cells utilize energy 
to keep status homeostasis versus gravity due to sending 
torque to microgravity-treated cells from the earth gravity 
(Nace 1983). In the present study, increased soluble sug-
ars showed that the M. chamomilla cells saved more carbon 
and energy under clino-rotation, as a precursor of Krebs 
cycle for more production of ATP. On the other hand, the 
accumulation of total sugars can be a protection mechanism 
for the prevention of oxidative damage and improve mem-
brane stabilization (Hernandez-Marin and Martínez 2012; 
Hosseini et al. 2015) (Fig. 6). Starch is a key molecule in 
mediating plant responses to stress conditions (Wang and 
Messing 2012). The previous studies revealed that plant 
growth is affected by the presence of an energy-saving sys-
tem similar to starch. Moreover, starch may have a protective 
mechanism and serves as an alternative source of carbon 
and energy following stress situations (Mishra and Prakash 
2010). There are various results of starch content in plants 
grown under space condition and clinorotation. For example, 
Mortley et al. (2008) reported starch accumulation increased 
in sweet potato stem during spaceflight. Increased starch 
content has also reported in A. thaliana calli under clinorota-
tion (10 rpm) (Wang et al. 2006). However, Nakajima et al. 
(2019) marked slow clinorotation (2 rpm) induced the activ-
ity of a-amylase and following the starch content decreased 
in Mung Bean Seedlings. Lower starch and higher soluble 
sugar concentrations were also reported in pepper leaves in 
plants grown on board Biosatellite II (Johnson and Tibbitts 

1968). The various results may be associated with the type 
of plant tissue, explant used for callus induction, cell line, 
age, genetic, duration and speed of clino-rotation and/or 
environmental conditions of plant growth hardware.

Stress conditions can cause unsuitable effects on the 
growth and cell membrane by the ROS generation (Choud-
hary et al. 2007; Yadav 2010; Merati et al. 2016). These 
products cause adverse modifications to cell components 
(lipids, proteins, and DNA) and result in lipid peroxidation 
as a reliable sign of oxidative stress (Halliwell 1989). In this 
work, the H2O2 level increased significantly in M. chamo-
milla calli under clino-rotation. An increase in H2O2 level 
has been previously observed under stress conditions (Chao 
et al. 2010; Merati et al. 2016). Moreover, the high produc-
tion of H2O2 in the clino-rotated calli may be shown the 
level of ROS as a promoter of cell signaling pathways or the 
inhibition of the H2O2-scavenging enzyme activities (Chao 
et al. 2010; Hayat et al. 2010). Space flight could stimulate 
mitogen-activated protein kinases (MAPKs) activation and 
the expression of NADPH oxidase genes (Sugimoto et al. 
2014), which in turn might activate transcription factors for 
induction of stress-related genes (Fig. 6). On the other hand, 
MDA content declined in clino-rotated calli against to con-
trol (Fig. 4). It has been previously reported that ROS accu-
mulation could regulate the activity of antioxidant enzymes, 
and following the growth of M. chamomilla cell suspen-
sion culture increased under stress conditions (Hassanpour 
and Niknam 2020). Reduction of MDA content, along with 
an increase of fresh and dry weights, suggests that clino-
rotation stimulates ROS accumulation for induction of cell 
signaling and growth.

A trivial reduction in protein content was recognized 
in clinostat-treated calli (Table 1). A reduction of protein 
content has been previously observed in Pisum sativum 
L. (Kozeko and Kordyum 2006) and A. thaliana affected 
by microgravity (Link et al. 2014). Diversely, Wang et al. 
(2006) indicated that the proteome modifications induced 
by clinostat rotation. Decreased protein content in clino-
rotated calli might be attributed to a decrease in the protein 
synthesis, the deficiency of amino acids or denaturation of 
enzymes required in protein synthesis (Maas et al. 1979; 
Hall and Flowers 1973).

Antioxidative enzymes, including SOD, POX, and CAT 
are the main enzymatic antioxidants associated with plant 
resistance and play pivotal roles in decreasing the H2O2 and 
MDA contents and maintaining cell membrane integrity 
under oxidative stresses (Chen et al. 2015). Application of 
clino-rotation induced significantly antioxidative enzyme 
activities against to the control group. CAT enzyme showed 
the higher activity than that of the other enzymes (Fig. 5c), 
indicating that CAT was more sensitive to gravity changes 
and plays a vital role in the scavenging of H2O2 free radicals. 
Induction of SOD and POX activities has been previously 
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reported in Stevia (Choi et al. (2011) and tomato (Chen 
et al. 2015) under clino-rotation. SOD is an initial line of 
protection against ROS-induced injuries, and it causes the 
dismutation of superoxide into H2O2 that must be convert 
to O2 and H2O by other antioxidative enzymes like APX, 
CAT, and POX (Ozkur et al. 2009). These results suggest 
that enhanced antioxidative enzymes might provide better 
protection to the cells against oxidative stress triggered by 
clino-rotation (Fig. 6).

PAGE analysis showed the quantitative differences in 
clino-rotated calli and control (Fig. 5), and revealed that 
all the antioxidative enzymatic bands in treated calli were 
stronger than the control. These data indicate all isoforms 
are involved in more efficiently against clinorotation-induced 
oxidative damage. Moreover, intensities of the SOD and 
POX isoforms established the spectrophotometric results. As 
Gaspar et al. (1982) reported, the POX is in various isoforms 
which are developmentally controlled and respond to exoge-
nous stimulations. Clino-rotation increased band intensity of 
SOD isoforms especially, Cu/Zn–SOD isoform, which was 
more prominent than that of the Mn-SOD isoform (Fig. 5d). 
Cu/Zn–SOD isoforms are commonly located in chloroplast 
or cytosol, and Mn-SOD in mitochondria (Amor et al. 2005). 
Our results showed that the chloroplast or cytosolic isoforms 
of SOD (Cu/Zn–SOD) could be the main part of total SOD 
activity, and protected calli under clino-rotation.

Conclusion

This study prepares a new perception of M. chamomilla calli 
responses to clino-rotation through the analysis of enzymatic 
antioxidative pathways. The increase in antioxidant enzyme 
activity, accumulation of sugars, and growth parameters 
were observed under clino-rotation condition. The rise of 
cell growth, cell division proves that clino-rotation is not a 
limiting factor for the plant cell growth and development. 
CAT activity changes more obviously than POX and SOD, 
which means that CAT is more sensitive to clino-rotation 
than POX and SOD. A lower MDA content along with the 
increment of dry and fresh weights in clinostat treated-calli 
shows that calli are equipped with a free radical scavenging 
system. Though, the complicated mechanism in which anti-
oxidant enzymes act a critical role following clino-rotation 
conditions stays obscure and needs to be examined further.
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