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Creation of plant-based bioregenerative life support systems is crucial for future long-duration space exploring missions. Mi-
crogravity is one of the major stresses affecting plant growth and development under space flight conditions. Search for higher 
plant genotypes resilient to microgravity as well as revealing of biological features which could be used as markers of such resi-
lience is rather urgently needed. The objective of this study was to analyze physiological and biochemical responses of three orchid 
species representing different life forms (terrestrial and epiphytic), growth types (monopodial and sympodial) and pathways of CO2 
fixation to long-term (24 months) clinorotation which modeled the combined effect of two stress factors: hermetic conditions and 
microgravity. Three years old meristematic orchids Cypripedium flavum, Angraecum eburneum, Epidendrum radicans, 
representing different life forms, types of branching shoot system and pathways of CO2 fixation, were used as test-plants. The 
microgravity was simulated using three-dimensional (3-D) clinostat equipped with two rotation axes placed at right angles (rotation 
frequency was 3 rpm) in controlled conditions of air temperature, illumination, air humidity and substrate moisture. The control 
plants were grown in the similar plastic vessels but not hermetically sealed and without clinorotating in the same environmental 
conditions. The vital state of the test plants was assessed using characteristics of mineral nutrition, content of photosynthetic pig-
ments, free amino acids, soluble proteins, DNA and RNA, enzymatic and non-enzymatic antioxidants. The results of this study 
confirmed that orchids grown under simulated microgravity and kept in hermetically-sealed vessels were subjected to oxidative 
stress, which could be responsible for the observed inhibition of basic physiological processes such as mineral nutrition, metabol-
ism of aminoacids, protein biosynthesis and photosynthesis. Monopodial orchids C. flavum and A. eburneum demonstrated better 
adaptation to prolonged clinorotation as compared to sympodial E. radicans. In particular, the latter demonstrated some stimulation 
of mineral nutrition processes (i.e. K, N, Fe, Mn, Zn accumulation), content of photosynthetic pigments, proline and superoxide 
dismutase activity. Long-lasting clinorotation induced adaptive changes of antioxidant systems in the studied orchids (e.i. increase 
in carotenoids and proline content and stimulation of superoxide dismutase activity), which helped to maintain the main physiolog-
ical functions at stable level in the above-mentioned stressful conditions. The following biochemical characteristics in the studied 
orchids could be considered as markers of resilience to simulated microgravity and hermetic conditions: 1) an increase in the ac-
cumulation of non-enzymatic (proline, carotenoids) and enzymatic antioxidants (superoxide dismutase); 2) ability to maintain 
stable balance of mineral nutrients; 3) increase in the content of photosynthetic pigments; 4) increase in the content of proteinogenic 
amino acids and soluble proteins; 5) increase in the DNA content or RNA/DNA ratio. Our studies have also demonstrated a corre-
lation between orchid ecomorphological characteristics such as type of branching with their adaptive responses to prolonged clino-
rotation. We observed no correlation between the studied life form of orchids, ecotype or the pathway of CO2 fixation and their 
resilience to prolonged clinorotation. This research can be a starting point for studying the relationships between ecomorphological 
features of various orchids and their resilience to microgravity conditions in the search for biological markers of microgravity 
tolerance in species of higher plants.  

Keywords: Cypripedium flavum; Angraecum eburneum; Epidendrum radicans; clinorotation; adaptive reactions.  

Introduction  

Creation of plant-based bioregenerative life support systems is crucial 
for future long-duration space exploration missions (Brykov et al., 2018; 
Kiss et al., 2019). Such systems are expected to provide the astronauts’ 
environment with food, CO2 reduction, O2 production, waste recycling 
and water management. Therefore, since the 1960-s, there has been a 
consistent effort to assess the effect of the spaceflight environment upon 
higher plants’ growth, development and productivity (Kiss et al., 2019). 
Numerous studies were dedicated to the effects of altered gravity and 
closed environments on the basic plant physiological processes such as 
growth, development, reproduction, photosynthesis, nutrition etc. (Zheng 
et al., 2015; Paul et al., 2017). However, until now, the mechanisms un-
derlying plant responses to such outer space variables, as well as the con-
sequences of such alterations on crop productivity, have not been com-

pletely elucidated (Zabel et al., 2016). Microgravity was shown to affect 
the condition of plants, which in turn impedes the physiological transpor-
tation of water and solutes, gas exchange processes. Limited gas exchange 
and root zone hypoxia can result in a reduced uptake and transport of 
nutrients in plants. Some studies indicate that the stunted growth observed 
in microgravity can be linked to nutritional issues and that nutrient uptake 
is altered by the outer space environment (Wolff et al., 2013, 2018).  

A number of the studies with selected crop species (lettuce, radish, 
green onion, carrot etc.) were focused on the possibilities to adjust envi-
ronmental conditions (e.g., light, temperature, CO2 concentration, humidi-
ty, fertilization with mineral nutrients) of the spacecraft’s plant growth 
facilities to optimize the growth and productivity of higher plants (Brykov 
et al., 2018). The results of these studies demonstrated that the interaction 
between gravity effects and other environmental factors connected with 
space flight conditions (such as increased temperature and humidity, CO2 
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concentration due to cultivation in hermetic growth containers) could 
significantly affect both plant primary and secondary metabolism, influen-
cing accumulation of macronutrients in plant tissues as well as inducing 
production of phytotoxic phenolic compounds, which could further inhibit 
growth and development of plants (Khodadad et al., 2020). In those stu-
dies, biochemical and physiological characteristics of crops were often 
evaluated in terms of their growth, development, productivity, nutritional 
value and storage capacity (Oluwafemi et al., 2019). However, the conti-
nuous cultivation of plants in closed ecosystems requires adequate evalua-
tion of their functional state, stability of their associations as well as the 
capacity of latter to adapt to environmental stress factors (Zabel et al., 
2016).  

During the last four decades, there were published studies of the pos-
sibility of using the self-regulating supply systems of nutrients to provide 
plants with macro- and micronutrients necessary for their growth and 
development (Zabel et al., 2016). The advantage of passive supply of 
necessary micro-supplements for plant growth and development was 
confirmed (Zaimenko, 1999; Brykov et al., 2018). On the other hand, 
active systems required sophisticated equipment and could not be compa-
tible with space flight resources. Therefore, there is still the need to devel-
op cost-effective technology for long-term cultivation of plants in sustain-
able systems.  

Another approach implies the need to select plant species genotypes 
that are resilient to the stressful conditions of space flight. Plants can adapt 
to extreme environments on Earth, and model plants have been shown to 
grow and develop through a full lifecycle in microgravity. Until now, only 
a limited number of plant species have been tested for their sensitivity to 
microgravity (Zaimenko, 1999; Paul et al., 2017; Zheng et al., 2015). 
A number of such investigations gave some insight into the physiological 
mechanisms of adaptive responses of the tested plants to these kind of 
stresses (Kochubey et al., 2004; Zheng et al., 2015; Moreno-Villanueva 
et al., 2017). However, more knowledge is needed about the long- term 
effects of the extraterrestrial environment on plant growth and develop-
ment.  

The objective of our study was to analyze the peculiarities of the phy-
siological and biochemical processes in orchids that have different growth 
types, life forms and CO2 fixation pathways after 24 months of cultivation 
in the hermetic vessels, under simulated microgravity.  

Materials and methods  

The experiments were conducted at the Department of Allelopathy of 
the M. M. Gryshko National Botanical Garden of the National Academy 
of Sciences of Ukraine (Kyiv city, Ukraine). Three year old meristematic 
orchids of Cypripedium flavum P. F. Hunt & Summerh., Angraecum 
eburneum Bory., Epidendrum radicans Lindl., representing different life 
forms, types of branching and pathways of CO2 fixation (Buyun et al., 
2015; Muthukumar & Shenbagam, 2017) were used as test plants (Ta-
ble 1).  

Table 1  
Ecomorphophysiological characteristics of the orchid test-plants  

Orchid species Life form Type of 
branching 

CO2 fixation 
pathway Ecotype 

Cypripedium flavum 
P. F. Hunt & Summerh. terrestrial monopodial C3 mesophyte 

Angraecum eburneum Bory. epiphytic monopodial CAM mesophyte 

Epidendrum radicans Lindl. epiphytic sympodial CAM xeromeso-
phyte 

Note: C3 – pathway of CO2 assimilation is the most common metabolic pathway for 
carbon fixation in photosynthesis, which doesn't have photosynthetic adaptations to 
reduce photorespiration. CAM – (crassulacean acid metabolism) pathway minimizes 
photorespiration by separating processes of the light-dependent reactions and assimi-
lation of CO2 in the Calvin cycle in time.  

The test plants were grown in hermetic plastic (acrylic) vessels under 
simulated microgravity for 24 months. Each vessel contained one plant of 
each species. The microgravity was simulated using three-dimensional  
(3-D) clinostat equipped with two rotation axes placed at right angles 
(rotation frequency was 3 rpm) under controlled conditions of air tempera-

ture (20–22 °C), illumination (1700 lux), air humidity (80–83%) and 
substrate moisture of 70–75% of full water-holding capacity. As a sub-
strate, polyacrylonitrile fibres shredded to the size of 5 mm were used. 
Before planting the plants, the substrate was watered with Knopp's solu-
tion. In 1 litre of water, there were dissolved 1 g of calcium nitrate, 0.25 g 
of potassium phosphate and 0.25 g of magnesium sulfate, 0.125 g of 
potassium chloride, 0.125 g of iron chloride.  

The control plants were grown in similar plastic vessels in airtight 
conditions but without clinostatting and with no clinorotation in the same 
environmental parameters of temperature, illumination and substrate mo-
isture. At the end of the experiments, the CO2 concentrations in the her-
metic and control vessels were measured and the physiological characte-
ristics of each respective orchid’s vital state was measured. The latter 
included the content of macro- and micronutrients, photosynthetic pig-
ments, free amino acids, soluble proteins, DNA and RNA, protective 
antioxidants (proline, catalase, superoxide dismutase), and malondialde-
hyde in the leaves of the test plants.  

The concentrations of macro- and micronutrients were determined in 
the leaves and aerial roots of the test plants. Photosynthetic pigments 
(chlorophylls a, b and carotenoids) were extracted from the leaves (fully 
expanded, exposed) of the tested plants at a similar position within each 
treatment. The optical density was measured with a Specord 200 (Analy-
tik Jena, Germany, 2003) at 665 nm for chlorophyll a, 649 nm for chloro-
phyll b and 480 nm for carotenoids. The photosynthetic pigments (chloro-
phylls a, b and carotenoids) were extracted from freshly collected leaves 
with dimethylsulfoxide (DMSO) (Wellburn, 1994). The contents of ma-
cro- and micronutrients in the leaves and aerial roots of orchids were de-
termined using an inductively coupled plasma spectrometer iCAP 6300 
DUO from Thermo Fisher Scientific, USA (2006). Concentrations of 
nucleic acids in leaves of orchids were determined using the methodology 
described in (Sadak et al., 2015) and spectrophotometrically with Spe-
cord 200. Qualitative and quantitative contents of free amino acids were 
determined using an amino acid analyzer Hitachi (Ovchinnikov, 1974). 
The CO2 contents in the hermetically-sealed vessels were measured using 
СО2-analyzer (S157-P CO2 Analyser (0-2000 ppm) with gas pump and 
temperature control, Qubit Systems, Canada, 2019).  

Proline content was measured using the method provided by Ábra-
hám et al. (2010). Leaves (0.5 g) were extracted with 3% (w/v) sulphosa-
licylic and free proline content was measured using ninhydryn reagent. 
Lipid peroxidation level was assayed in leaf samples as the malondialde-
hyde content. The malondialdehyde content was determined using the 
thiobarbituric acid reaction following by colorimetry the absorbance at 
532 nm using the methodology described in Hellmann et al. (2010). An 
extinction coefficient of 155 mM–1cm–1 was used to determine the malon-
dialdehyde concentration. Total superoxide dismutase activity was deter-
mined by the inhibition of the photochemical reduction of nitroblue tetra-
zolium by the enzyme using the procedure described by Tang & Newton 
(2004). The protein concentration was determined by a modification of 
the Coomassie Brilliant Blue-based method (Assimakopoulos et al., 
2008). Catalase activity was measured using the potassium permanganate 
titration method (Wang & Zhan, 2009).  

The groups of values were compared by U-criterion Mann-
Whitney. This is a statistical criterion used to assess differences between 
two independent samples, allows us to identify differences in the para-
meter value between small samples for P < 0.05, P < 0.01, P < 0.001. 
Quantitative indicators of the content of mineral nutrients in leaves and 
soil are given as arithmetic mean with standard deviation. The statistical 
analysis was performed using Statistica 10.0 software (Stat Soft Inc., 
Tulsa, USA, 2011).  

Results  

All the studied orchids demonstrated positive growth and produced 
high biomass in the hermetically sealed vessels exposed to clinorotating 
over the period of 24 months. Analysis of the balance of the macro- and 
micronutrients in the exposed plants, as compared to control, showed 
some differences in accumulation of macro- (N, K) and micronutrients 
(Fe, Mn, Zn) among monopodial (C. flavum, A. eburneum) and sympodi-
al (E. radicans) orchids (Tables 2, 3).  
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Table 2  
The contents of macro- and microelements in the leaves of orchids after 24 months of clinorotation as compared to control (х ± SD, n = 6)  

Orchid species Treatment Macroelements, g/kg plant dry weight Microelements, mg/kg plant dry weight 
N P K Ca Mg Fe Mn Cu Zn 

C. flavum control 30.12 ± 5.51 5.41 ± 0.92 23.45 ± 1.87 11.14 ± 1.98 2.73 ± 0.36 108.40 ± 4.95 53.84 ± 2.47 18.68 ± 1.54 39.26 ± 2.23 
clinorotation 38.64 ± 4.32 4.87 ± 0.65 49.84 ± 7.41 8.73 ± 1.72 2.12 ± 0.44   93.92 ± 3.34 68.74 ± 2.63 14.41 ± 1.22 32.73 ± 2.74 

А. eburneum control 36.48 ± 2.91 5.97 ± 1.32 26.6 ± 4.42 13.36 ± 1.31 1.67 ± 0.32 143.74 ± 1.77 49.39 ± 2.18 14.34 ± 1.24 49.24 ± 2.01 
clinorotation 45.25 ± 3.72 5.36 ± 1.11 38.01 ± 3.82  40.13 ± 0.72**   1.22 ± 0.26** 127.31 ± 2.08 64.87 ± 3.28   9.84 ± 0.79 35.82 ± 1.92 

E. radicans control 34.54 ± 2.74 7.93 ± 0.63 42.72 ± 3.41 9.93 ± 0.82 2.31 ± 0.84   84.42 ± 3.88 92.33 ± 2.53 21.44 ± 1.73 33.78 ± 2.71 
clinorotation 24.83 ± 2.19 5.22 ± 0.44 14.26 ± 1.63 4.71 ± 0.45 2.12 ± 0.61   75.92 ± 3.19 63.84 ± 2.21 19.32 ± 1.92 30.56 ± 2.49 

Note: the difference between control and clinorotation is significant at * – P < 0.05, ** – P < 0.01, *** – P < 0.001.  

Table 3  
The contents of macro- and microelements in the aerial roots of orchids after 24 months of clinorotation as compared to control (х ± SD, n = 6)  

Orchid species Treatment Macroelements, g/kg plant dry weight Microelements, mg/kg plant dry weight 
N P K Ca Mg Fe Mn Cu Zn 

C. flavum control 12.34 ± 1.42 3.76 ± 0.44 25.51 ± 2.02 9.33 ± 0.71   3.17 ± 0.24*   97.54 ± 2.96 51.32 ± 3.16 13.61 ± 1.11 34.93 ± 2.94 
clinorotation   24.44 ± 1.92* 3.46 ± 0.45 30.51 ± 2.42 8.22 ± 0.61 1.94 ± 0.23   75.64 ± 3.17 62.29 ± 3.07 10.92 ± 0.88 25.38 ± 2.07 

А. eburneum control 29.39 ± 2.28 3.61 ± 0.35 20.28 ± 1.74 7.59 ± 0.62 2.52 ± 0.19 132.78 ± 3.11 45.24 ± 1.68 11.35 ± 0.91 41.29 ± 2.38 
clinorotation 33.49 ± 2.71 3.39 ± 0.31 24.44 ± 1.92 4.48 ± 0.43 1.71 ± 0.11 115.78 ± 2.45 57.39 ± 2.60   8.21 ± 0.77 29.24 ± 2.27 

E. radicans control 36.28 ± 2.91 3.71 ± 0.29 21.31 ± 1.69 5.62 ± 0.51 1.74 ± 0.09   75.49 ± 3.15 48.37 ± 3.95 17.42 ± 1.41 23.43 ± 1.87 
clinorotation 28.54 ± 2.31 3.11 ± 0.23 19.28 ± 1.64 3.14 ± 0.32 1.53 ± 0.12   68.31 ± 2.57 39.64 ± 3.22 15.13 ± 1.23 21.22 ± 2.04 

Note: see Table 2.  

In particular, the contents of N, K and Mn were increased in mono-
podial C. flavum and A. eburneum and inhibited in sympodial E. radicans. 
The content of phosphorus decreased significantly in E. radicans, while 
C. flavum and A. eburneum showed insignificant variation in this chemical 
element. On the other hand, the micronutrient content (Fe, Cu, Zn) de-
creased more sharply in monopodial A. eburneum and C. flavum as com-
pared to E. radicans after prolonged clinorotation. In the distribution of Ca 
and Mg in leaves, the same tendency towards a decrease in the concentra-
tion of these elements was observed in both mono- and sympodial species. 
The pattern was traced in the tissues of the aerial roots of the experimental 
plant species. The contents of macro- and microelements in the roots were 
lower than in the leaves. The most significant differences were observed in 
N, P, K, and Fe in the tissues of orchid plants; in particular, in monopodial 
species, their level increased under conditions of clinostation and tightness, 
while in sympodial species, on the contrary, decreased. 

The combined effects of simulated microgravity and hermetic envi-
ronment contributed to significant changes in the content of the photosyn-
thetic pigments found in the leaves of test plants. In orchids with a mono-
podial type of branching, which had been exposed to clinorotation, the 
contents of chlorophylls a and b increased by 1.6–2.0 times, compared 
with the control. In the sympodial E. radicans, we observed an opposite 
tendency (Table 4). Accelerated biosynthesis of photosynthetic pigments 
in monopodial species of orchids under clinostatic conditions may be 
associated with insufficient phosphate supply in the presence of incompa-
tible water deficiency, accompanied by the binding of pigments in the 
protein-lipid complex.  

There was an insignificant difference in the quantitative indicators 
of CO2 content in sealed vessels depending on growing conditions and 
biological characteristics of plants. Thus, the CO2 content in the cham-

ber decreased by 1.3–1.9 times in tightness conditions. The clinorotation 
did not significantly affect the CO2 concentration. The highest CO2 
content in the chamber was observed in plants with the monopodial 
type of branching of the shoot system, which led to terrestrial life form, 
namely C. flavum. Outside sealed vessels CO2 level was 422 ppmV, in 
the hermetically-sealed vessels without clinorotation – 302 ppmV, and 
in the clinorotated sealed vessels – 318 ppmV. For other experimental 
species, these values were: for A. eburneum – 221 and 235 ppmV, and 
for E. radicans – 234 and 243 ppmV, respectively.  

Table 4  
Content of photosynthetic pigments in the leaves of orchids  
after 24 months of clinorotation and in control (n = 6)  

Species Treatment 
Content of photosynthetic pigments  

in the leaves, mg/g fresh weight 
chlorophyll a chlorophyll b carotenoids 

C. flavum control 10.44 ± 1.68 4.72 ± 0.45 6.71 ± 0.61 
clinorotation   18.92 ± 1.62*   8.14 ± 0.81*   10.89 ± 0.78** 

A. eburneum control 14.42 ± 0.84 6.81 ± 0.64 6.93 ± 0.92 
clinorotation   28.41 ± 2.33* 10.94 ± 0.82*   13.22 ± 0.88** 

E. radicans control 17.33 ± 0.42 8.91 ± 0.45 8.79 ± 0.73 
clinorotation 13.51 ± 1.98 6.84 ± 0.52 9.23 ± 0.91 

Note: see Table 2.  

The clinorotation for 24 months caused different changes in the quan-
titative and qualitative contents of free amino acids in the leaves and aerial 
roots of orchids belonging to different types of branching. In monopodial 
species (C. flavum and A. eburneum), the total content of free amino acids 
decreased, while in sympodial E. radicans, it increased, compared with 
the control (Tables 5 and 6).  

Table 5  
Quantitative and qualitative content of free amino acids (µg/100 mg of fresh weight) and soluble proteins (SP) (μg/g of fresh weight)  
in leaves of orchids after 24 months of clinorotation as compared to control (n = 6)  

Aminoacids C. flavum A. eburneum E. radicans 
control clinorotation control clinorotation control clinorotation 

Asparagine 1.03 ± 0.02 0.87 ± 0.07 1.48 ± 0.09 1.26 ± 0.03 2.31 ± 0.52 5.86 ± 0.14* 
Threonine 0.98 ± 0.10 0.17 ± 0.02 0.51 ± 0.07 0.19 ± 0.01 0.81 ± 0.07 0.33 ± 0.02 
Serine 0.44 ± 0.05 0.15 ± 0.01 0.19 ± 0.04 0.27 ± 0.06 0.96 ± 0.11 1.19 ± 0.04 
Glutamic acid 1.85 ± 0.31 0.26 ± 0.07 3.07 ± 0.01 0.43 ± 0.09 5.37 ± 0.05 0.86 ± 0.08 
Histidine 2.41 ± 0.03 1.16 ± 0.10 3.97 ± 0.02 2.15 ± 0.14 1.04 ± 0.04 0.12 ± 0.03 
Lysine 0.17 ± 0.01 0.04 ± 0.01 0.24 ± 0.01 0.05 ± 0.01 0.11 ± 0.06 0.05 ± 0.01 
Arginine   42.83 ± 2.57** 2.37 ± 1.78 49.62 ± 1.05* 19.41  ± 1.01 15.37 ± 1.04 55.64 ± 1.25** 
Tyrosine 1.35  ± 0.07 1.48  ± 0.11 2.18 ± 0.11 1.45 ± 0.13 1.46 ± 0.09 1.18 ± 0.10 
Phenylalanine 1.07 ± 0.02 2.21 ± 0.13 0.86 ± 0.08 1.73 ± 0.11 0.38 ± 0.07 1.14 ± 0.07 
Glycine 0.05 ± 0.01 1.03 ± 0.01 0.09 ± 0.01 1.11 ± 0.04 0.21 ± 0.03 6.66 ± 0.12* 
Total 52.18 ± 3.19 9.74 ± 2.31 62.21 ± 2.21 28.05 ± 1.63 28.02 ± 2.08 73.03 ± 1.86 
SP 47.73 ± 2.03 50.93 ± 1.15 51.80 ± 1.22 52.93 ± 1.84 50.60 ± 1.35 40.04  ± 1.04 
Note: see Table 2.  
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Table 6  
Quantitative and qualitative content of free amino acids (µg/100 mg of fresh weight) and soluble proteins (SP) (μg/g of fresh weight)  
in aerial roots of orchids after 24 months of clinorotation as compared to control (n = 6)  

Aminoacids C. flavum A. eburneum E. radicans 
control clinorotation control clinorotation control clinorotation 

Asparagine 0.67 ± 0.07 0.57 ± 0.08 2.97 ± 0.03 0.81 ± 0.06 0.11 ± 0.04 1.32 ± 0.17 
Threonine 0.31 ± 0.11 0.11 ± 0.03   18.36 ± 1.19** 0.47 ± 0.02 0.24 ± 0.07 0.98 ± 0.02 
Serine 0.54 ± 0.06 0.15 ± 0.01 0.21 ± 0.07 0.27 ± 0.06 1.88 ± 0.11 1.19 ± 0.04 
Glutamic acid     6.28 ± 0.08** 0.14 ± 0.03   15.33 ± 0.12** 0.17 ± 0.05 0.73 ± 0.02 0.13 ± 0.07 
Histidine 0.79 ± 0.03 0.94 ± 0.06 0.83 ± 0.13 1.96 ± 0.04   2.75 ± 0.06* 0.12 ± 0.03 
Lysine 0.25 ± 0.04 0.11 ± 0.01   2.38 ± 0.17* 0.15 ± 0.01 0.96 ± 0.09 0.13 ± 0.01 
Arginine   47.72 ± 1.87** 21.83 ± 1.78   83.56 ± 4.15** 23.51 ± 3.14 27.61 ± 2.14 37.28 ± 6.44 
Tyrosine 1.37  ± 0.14 1.48  ± 0.11   7.19 ± 0.12* 1.45 ± 0.13 12.96 ± 0.29 11.18 ± 0.10 
Phenylalanine 0.14 ± 0.19 2.21 ± 0.13 0.24 ± 0.09 1.73 ± 0.11 0.12 ± 0.04 0.07 ± 0.01 
Glycine 58.34 ± 0.09 34.19 ± 6.78 1.83 ± 0.12 0.68 ± 0.03 0.17 ± 0.05 6.66 ± 1.12 
Total 116.41 ± 2.68 61.73 ± 9.02 132.90 ± 6.19 31.20 ± 3.65 47.53 ± 2.91 59.06 ± 8.01 
Note: see Table 2.  

Decrease in the level of histidine in the leaves of experimental orchid 
species indicates impaired phosphate metabolism. At the same time, in-
crease in the concentration of aspartic acid in the organs of a sympodial 
species indicates ageing of plants, and decrease in its level in the tissues of 
monopodial species indicates disorder of nitrogen metabolism. Decrease 
in the concentration of glutamic acid in leaves under conditions of clino-
station is associated with inhibition of the biosynthesis of photosynthetic 
pigments. Noteworthy is significant increase in the arginine content in the 
leaves and aerial roots of E. radicans, which indicates low supply of phos-
phorus to plants. At the same time, higher total content of free amino acids in 
the tissues of sympodial species can be considered as an adaptive response of 
the plant organism to change in the water regime in microgravity conditions. 
For the soluble proteins, the opposite tendency was observed.  

The quantitative content of nucleic acids in the leaves differed signifi-
cantly in the tested orchids (Table 7). Epiphytic A. eburneum and E. radi-
cans had greater total nucleic acid content and lower RNA/DNA ratio 
compared to terrestrial species C. flavum. Orchids with different types of 
branching and life forms responded differently to prolonged clinorotation. 
In terrestrial monopodial C. flavum, exposed to clinorotation, the DNA 
content increased, while RNA content did not demonstrate any significant 
changes as compared to control. In epiphytic monopodial A. eburneum, 
the DNA content did not change, while RNA content decreased signifi-
cantly in clinorotation. In epiphytic sympodial E. radicans, both above-
mentioned characteristics were reduced noticeably under prolonged clino-
rotation as compared to the control. Epiphytic sympodial E. radicans 
demonstrated the highest susceptibility to stresses imposed by prolonged 
clinorotation. The total RNA content was more sensitive to the studied 
stress factors than DNA. No significant correlations were found between 
the tested species’ resilience of aminoacids and protein metabolism in the 
conditions of prolonged clinorotation and their life form (terrestrial or 

epiphytic), the pathway of CO2 fixation or ecotype. Terrestrial monopodi-
al C. flavum demonstrated the highest indexes of antioxidant enzymes’ 
(catalase and superoxide dismutase) activities with and without exposure 
to clinorotation. The proline content in the leaves of C. flavum was also 
high as compared to E. radicans, but somewhat lower than in A. ebur-
neum (Table 8). E. radicans had the lowest index of catalase activity and 
proline content, though lipid peroxidation levels (malondialdehyde index) 
was relatively high.  

Table 7  
The contents of nucleic acids in leaves of orchids after 24 months  
of clinorotation and in the control (х ± SD, n = 6)  

Species Treatment 
DNA content,  

mg of phosphorus  
per 1 g of raw weight 

RNA content,  
mg of phosphorus  

per 1 g of raw weight 

C. flavum control 0.250 ± 0.011 1.211 ± 0.116 
clinorotation 0.274 ± 0.013 1.180  ± 0.073 

A. eburneum control 0.418 ± 0.099   4.241 ± 0.956* 
clinorotation 0.395 ± 0.110 1.722 ± 0.705 

E. radicans control   3.835 ± 0.494* 1.944 ± 0.351 
clinorotation 1.383 ± 0.337 0.867 ± 0.432 

Note: see Table 2.  

Clinorotation lasting 24 moths caused significant changes in the stu-
died characteristics of the antioxidant systems performance in all studied 
orchids. Monopdial C. flavum and A. eburneum demonstrated increases in 
proline content, superoxide dismutase activity and reduction in catalase 
activity under prolonged clinorotation. At the same time, sympodial E. 
radicans demonstrated the different tendency: changes in proline content 
were insignificant, while catalase activity and malondialdehyde content 
increased significantly, but superoxide dismutase activity reduced.  

Table 8  
The characteristics of antioxidant protective systems in leaves of orchids after 24 months of clinorotation as compared to control (х ± SD, n = 6)  

Species Treatment Proline content, μg/g FW Catalase activity, mM H2O2/min 
per 1 g of fresh weight Malondialdehyde mcM/mL Superoxide dismutase  

(unit mg−1 protein min−1) 

C. flavum control   86.19 ± 1.48 11.05 ± 1.56 5.25 ± 1.22 6.36 ± 0.98 
clinorotation   97.76 ± 1.81   6.80 ± 1.09 6.37 ± 1.18 7.29 ± 0.99 

A. eburneum control   96.85 ± 1.53   4.25 ± 1.05 3.98 ± 0.64 0.18 ± 0.06 
clinorotation 107.45 ± 1.81   2.55 ± 0.81   6.85 ± 0.81* 0.42 ± 0.08 

E. radicans control   19.42 ± 1.12   3.40 ± 0.55 5.59 ± 0.44   6.14 ± 0.88* 
clinorotation   18.82 ± 1.55     6.80 ± 1.07* 9.54 ± 0.49 1.25 ± 0.54 

Note: see Table 2.  

Discussion  

Prolonged clinorotation is known to cause imbalance in mineral nutri-
tion in higher plants (Wolff et al., 2013, 2018; Zabel et al., 2016). There-
fore, simulating the specific conditions of a spacecraft requires a special 
approach that takes into account many environmental factors (the content 
and characteristics of soil substitutes, humidity, temperature and light) that 
determine the availability of macro- and micronutrients for plants (Wolff 
et al., 2013, 2018; Efimov, 2020; Khapugin, 2020; Khodadad et al., 2020; 
Kirillova & Kirillov, 2021). Our previous studies revealed increases in the 

contents of phosphorus, calcium, potassium and manganese in the vegeta-
tive organs of terrestrial orchids after 3 months of clinorotation (Zaimen-
ko, 1999). At the same time, the concentration of magnesium in the tissues 
of all tested plants decreased, while the iron content remained unchanged. 
Longer clinorotation (for 6 and 12 months) resulted in a sharp decrease in 
the levels of macronutrients irrespective of the growth type or organs 
tested (leaves and aerial roots), indicating inhibition of mineral nutrition 
processes (Cherevchenko et al., 2000). Therefore, we concluded that pro-
longation of the clinorotation period reduced the capacity of the studied 
orchids to compensate for negative effects of the simulated microgravity.  
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The results of our present study suggest that prolonged clinorotation 
(24 months) could induce some adaptations of mineral nutrition processes, 
stimulating accumulation of specific macro- and micronutrients (i.e. K, N, 
Fe, Mn, Zn) in monopodial plant species C. flavum and A. eburneum. 
The contents of other important macronutrients (i.e. phosphorus and cal-
cium) did not decrease as sharply as in sympodial E. radicans. Plants of 
this orchid species demonstrated the significantly lower adaptive potential 
of its mineral nutrition processes to prolonged clinorotation in the present 
study.  

The maintenance of high photosynthetic rate is needed to optimize O2 
production and CO2 removal from bioregenerative life support systems. 
Photosynthesis is the main metabolic process that provides the formation 
of plant biomass. The performance of photosynthesis depends on the 
content of the photosynthetic pigments, their composition and ratio. Mic-
rogravity, as any other environmental stress factor, produced an inhibiting 
effect on photosynthetic function (Zhao et al., 2002; Kochubey et al., 
2004; Jiao et al., 2004). Although physiological mechanisms of this phe-
nomenon are not yet clear, it has been recently suggested that the structural 
and physiological changes in the photosynthetic apparatus under micro-
gravity conditions resulted from indirect effects such as starch accumula-
tion due to the delayed long-distance transport of photosynthetic metabo-
lites (Kochubey et al., 2004).  

The results of our study show a positive correlation between the in-
crease in the respective levels of nitrogen and manganese and photosyn-
thetic pigment content in the leaves and aerial roots in both the monopodi-
al C. flavum and A. eburneum. Recently published data indicates a close 
correlation between the contents of leaf chlorophyll and these specific 
mineral nutrients in higher plants tissues (Gholizadeh et al., 2017).  

Clinorotation for 24 months also stimulated accumulation of carote-
noids in leaves of C. flavum and A. eburneum with monopodial type of 
branching. At the same time, in sympodial E. radicans, clinorotation did 
not cause any significant change in carotenoids content. Carotenoids and 
chlorophyll b play a major role in the protection of photosynthetic systems 
against photooxidative processes. These are efficient antioxidants, sca-
venging singlet molecular oxygen and peroxyl radicals (McElroy & Kop-
sell, 2009). Therefore, the content of carotenoids is sensitive to the influ-
ence of abiotic and biotic stress factors and the ratio of these pigments on 
the content of chlorophylls a and b is a marker of plant stress. In our study, 
decrease in chlorophylls content and the chlorophylls/carotenoids ratio in 
the leaves of E. radicans exposed to clinorotation, indicated stress or dam-
age of the photosynthetic apparatus; this, in turn, would impact on the 
growth, productivity and tolerance to other stressful environmental factors.  

Species of higher plants were shown to differ significantly in their 
ability to maintain the efficiency of photosynthesis process under micro-
gravity conditions (Zhao et al., 2002; Stutte et al., 2006). In particular, the 
same conditions of clinorotation caused almost 2-fold reduction in chloro-
phylls content in strawberries (Fragaria×ananassa Duchesne), but stimu-
lated accumulation of these pigments in carnations (Dianthus caryophyl-
lus L.) seedlings (Zhao et al., 2002). In another study (Tay & Yam, 2019), 
plasticity in the pathway of CO2 fixation viz. occurrence of CAM meta-
bolism in both C3 and CAM orchids as an adaptation of photosynthetic 
apparatus to environmental stress factors was demonstrated. The studies 
revealed that some orchids that fix carbon primarily through the C3 path-
way might be C3-CAM intermediate species that have varying degrees of 
CAM expression, depending on environmental conditions (Tay & Yam, 
2019). It is evident that more work needs to be done to better understand 
regulation of this CAM activity by clinorotation.  

Amino acids are essential components in plant primary metabolism 
and play a central role in a wide variety of plant physiological processes. 
Moreover, amino acids serve as precursors for numerous plant secondary 
metabolites that perform critical functions such as signaling, defense, 
interactions with other organisms, and photoprotection. Many plant stu-
dies have demonstrated accumulation of free amino acids, especially pro-
line, in response to both abiotic and biotic stresses (Pratelli & Pilot, 2014).  

The increase in soluble amino-N (especially the content of free amino 
acids) is frequently related to protein degradation or inhibition of protein 
synthesis. The observed increase in the total content of free aminoacids 
and decrease in soluble proteins in sympodial species E. radicans under 
clinorotation confirmed this assumption. In monopodial orchids, an oppo-

site tendency was observed. Prolonged clinorotation caused a decrease in 
the total content of free amino acids and a slight increase in soluble pro-
teins. In our present investigation, the increase in soluble protein content in 
the above-mentioned orchid species is likely due to improved growth and 
adaptive potential as a result of adaptation to prolonged clinorotation. 
The increase in the levels of histidine and phenylalanine in the leaves of 
C. flavum and A. eburneum indicated intensification of the growth
process. This observed increase in accumulation provides evidence of the 
amelioration of nitrogen and potassium metabolism in the tested orchids
(Wyszkowski, 1996). 

The increase in the concentration of free amino acids in the leaves 
of E. radicans also indicated the intensification of stress conditions and 
the inhibition of some metabolic processes. In particular, arginine ac-
cumulation observed in the leaves of E. radicans indicated a slowdown 
in growth processes and inhibition of oxidative phosphorylation. Argi-
nine also serves as the precursor of polyamines, which acts as a reactive 
oxygen species (ROS)-scavenger as well as membrane protectors in 
stress tolerance.  

Microgravity is known to pose a threat to the DNA and RNA integri-
ty of living organisms, directly or indirectly, through the production of free 
radicals. Although organisms have evolved strategies to deal with such 
damage, microgravity can impede DNA repair, resulting in severe DNA 
lesions (Moreno-Villanueva et al., 2017). The RNA/DNA ratio is indica-
tive of an orchid species adaptation to a terrestrial habitat (Cherevchenko 
et al., 2020). In our study, the RNA/DNA ratio of the terrestrial species 
C. flavum was 4.84, which was significantly higher than such of epiphytic 
orchids A. eburneum (2.72) and E. radicans (0.51). RNA/DNA ratio is a 
key indicator of the cell biosynthetic activity, which reflects growth pro-
cesses and responses to environmental stress factors. In particular, chronic 
stress is reflected in RNA/DNA ratio. In our study, prolonged clinorota-
tion significantly reduced the RNA/DNA ratio in all studied orchids. The 
inhibiting effect of clinorotation on plants is often explained as due to
damage of the protective antioxidant systems (Moreno-Villanueva et al.,
2017). Increasing the activities and levels of antioxidant enzymes and
metabolites is recognized to be the principal biochemical adaptive reaction 
of the plants to any kind of environmental stress (Zaimenko et al., 2018). 

In our study the combined effect of simulated microgravity and her-
metic conditions caused drastic reduction in most of the parameters cha-
racterizing enzymatic and non-enzymatic activity in antioxidant systems, 
while the malondialdehyde content increased in all orchids studied. Ma-
londialdehyde is a breakdown product of peroxidized polyunsaturated 
fatty acids in plant membranes, indicative of lipid peroxidation levels 
(Weber et al., 2004), a major damaging effect of ROS. This index is a 
widely used marker of oxidative lipid injury caused by environmental 
stress (Yang et al., 2018). The most drastic (almost two-fold) increase in 
malondialdehyde index was observed in E. radicans, which demonstrated 
the lowest adaptability to clinorotation. This increase was accompanied 
with 5-fold reduction of superoxide dismutase activity and 2-fold increase 
in catalase activity. The both enzymes are crucial reactive oxygen species 
(ROS) scavengers eliminating superoxide and hydrogen peroxide species 
in the cell cytoplasm (Batiha et al., 2020; Soliman et al., 2020). Increased 
catalase activity protects membrane structure and functioning, leading to 
better plant performance under stressful conditions (Zaimenko et al., 2016, 
2018). Superoxide dismutase is one of the most effective components of 
the antioxidant defense system in plant cells against stresses. Superoxide 
dismutase in plants participates in several physiological phenomena, in-
cluding the elimination of H2O2, toxic oxidation of reducers, biosynthesis 
and degradation of lignin in cell walls, enzyme catabolism, injury, patho-
genic or insect attack and some respiratory processes (Firmansyah & 
Argosubekti, 2020). The superoxide dismutase is the first enzymatic bar-
rier against the harmful effects of oxidative stress, converting the O2 into 
H2O2 (Alscher et al., 2002). In parallel, the catalase reduces the H2O2 to 
H2O and O2, preventing the generation of more reactive radicals such as 
OH (̇Kibinza et al., 2011). Catalase and superoxide dismutase are the 
most efficient enzymes of antioxidant metabolism, since their combined 
actions convert hazardous molecules into H2O and O2, avoiding damage 
to cellular components (Scandalios, 1993). This study detected a negative 
correlation between enzyme activities of superoxide dismutase and cata-
lase in the tested orchids.  
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The highest proline content was characteristic for A. eburneum, sug-
gesting an important role for non-enzymatic antioxidants in confronting 
environmental stress conditions in this species. After long-term exposure 
to simulated microgravity, proline content in the leaves of A. eburneum 
increased significantly, a confirmation of the participation of this metabo-
lite in adaptation of orchids to the studied stress factor. The opposite results 
were obtained for enzymatic antioxidants in A. eburneum tissues.  

Proline is an important amino acid that protects plants against diffe-
rent stresses such as drought, salinity, freezing, heavy metal toxicity 
(Sharma & Dietz, 2009), plant pathogenic interactions (Fabro et al., 2004) 
etc. through its active involvement in osmoregulation and antioxidant 
defense (Abdul et al., 2009). The literature data show that proline metabol-
ism is regulated by abiotic stress and indicates that the accumulation of 
stress-induced proline is an adaptive response. It is difficult to answer how 
the proline contributes to the stress tolerance of the plant, the metabolic 
regulation that causes proline accumulation in high amounts, and whether 
it is beneficial for plants. The amount of free proline slightly increased in 
A. eburneum and notably in C. flavum, but decreased in E. radicans, com-
pared with the control plant. 

This tendency confirmed the better adaptive potential of C. flavum to 
environment stresses compared with the other tested orchids. This fact 
indicated lower potential of the tested antioxidants of E. radicans to con-
front damaging effects of microgravity. This tendency correlates with the 
above-mentioned results in our analysis of the other physiological charac-
teristics.  

Under stress, higher concentrations of malondialdehyde are indicative 
of cellular damage in the plant and increases in the activity of antioxidant 
enzymes act as a defense against such stress (Li et al., 2015).The malon-
dialdehyde content observed in this work under control conditions indi-
cated that the plants were under oxidative stress.  

Conclusions  

Responses of plant species to simulated microgravity are known to 
vary greatly depending on the growth phase, taxonomic position and the 
duration of microgravity conditions. Our studies demonstrated that long-
lasting (24 months) clinorotation induced adaptive responses of antioxi-
dant systems in the studied orchids, helping to maintain stable growth and 
development under the above-mentioned stressful conditions.  

The results of this study confirmed that orchids grown under simu-
lated microgravity and kept in the hermetically-sealed vessels were sub-
jected to oxidative stress, which could be responsible for the observed 
inhibition of the basic physiological processes such as growth, mineral 
nutrition and photosynthesis. The monopodial epiphytic orchid species, 
which demonstrated better adaptive capacity of their antioxidant systems, 
had reduced damage to the physiological processes.  

To summarize the following physiological changes indicate adapta-
tion to microgravity and hermetic conditions in higher plants: 1) an in-
crease in the accumulation of non-enzymatic and (proline, carotenoids) 
and enzymatic (catalase, superoxide dismutase) antioxidants; 2) ability to 
maintain stable balance of mineral nutrients; 3) increase in the content of 
photosynthetic pigments; 4) increase in content of proteinogenic amino 
acids and soluble proteins; 5) increase in RNA/DNA ratio.  

Our studies also demonstrated a relation between ecomorphological 
characteristics of orchids, such as type of branching, life form and their 
adaptive responses to prolonged clinorotation. No correlation between the 
studied life forms of orchids, ecotype or the pathway of CO2 fixation and 
their resilience to prolonged clinorotation were found. This research can 
be a starting point to study the relationships between ecomorphological 
features of orchid species and their resilience to microgravity conditions in 
the search for biological markers of microgravity tolerance in species of 
higher plants.  
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