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Abstract

The effectiveness of a simulated microgravity environment as a novel method for preserving

the freshness of vegetables was investigated. Three types of vegetables were selected:

vegetable soybean, mung bean sprouts, and white radish sprouts. These selected vegeta-

bles were fixed on a three-dimensional rotary gravity controller, rotated slowly. The selected

vegetables were stored at 25˚C and 66% of relative humidity for 9, 6, or 5 d while undergoing

this process. The simulated microgravity was controlled utilizing a gravity controller around

0 m s−2. The mung bean sprouts stored for 6 d under simulated microgravity conditions

maintained higher thickness levels than the vegetable samples stored under normal gravity

conditions (9.8 m s−2) for the same duration. The mass of all three items decreased with

time without regard to the gravity environment, though the samples stored within the simu-

lated microgravity environment displayed significant mass retention on and after 3 d for

mung bean sprout samples and 1 d for white radish sprout samples. In contrast, the mass

retention effect was not observed in the vegetable soybean samples. Hence, it was con-

firmed that the mass retention effect of microgravity was limited to sprout vegetables. As a

result of analysis harnessing a mathematical model, assuming that the majority of the mass

loss is due to moisture loss, a significant difference in mass reduction coefficient occurs

among mung bean sprouts and white radish sprouts due to the microgravity environment,

and the mass retention effect of simulated microgravity is quantitatively evaluated utilizing

mathematical models. Simulated microgravity, which varies significantly from conventional

refrigeration, ethylene control, and modified atmosphere, was demonstrated effective as a

novel method for preserving and maintaining the freshness of sprout vegetables. This

founding will support long-term space flight missions by prolonging shelf life of sprout

vegetables.

Introduction

Vegetables constitute an important food staple, forming a source of micronutrients containing

vitamins and minerals [1]. However, it is quite difficult to store fresh vegetables and maintain

their freshness after they have been harvested, and the loss/waste rate of vegetables during the
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distribution process is 18% in developed countries and 46% in developing nations [2]. The

causes of vegetable loss are due to wilting, loss of L-ascorbic acid [3], discoloration [4], and

spoilage [5]. Several methods for preserving vegetable freshness have been studied and

analyzed.

Among these methods investigated, refrigeration is the most versatile and prevalent fresh-

ness preservation method for vegetables. Li et al. [6] reported the effect of retaining visual

acceptability among refrigerated produce, and suppressing mass loss and decay for eight types

of items stored at 6˚C. Controlled atmosphere (CA) storage, which suppresses respiration

under low O2 and high CO2 environments, demonstrates a significant freshness-keeping effect

when used in combination with refrigeration, and is employed for the long-term storage of

apples [7]. A storage unit is harnessed for CA storage. In contrast, modified atmosphere pack-

aging (MAP), which is obtained by achieving the same effect using a plastic pouch, stops the

spoilage of tomatoes [8], the softening of persimmons [9], and suppresses the yellowing of soft

kale [10] and vegetable soybeans [11]. The inactivation of ethylene gas as an aging hormone is

an effective freshness-keeping method, and a high number of freshness- effects derived from

the ethylene-inactivating regent “1-methylcyclopropene” were reported as introduced in a

review by Watkins [12]. Heat treatment has been identified as possessing the effect of steriliz-

ing microorganisms, deactivating enzymes, and inducing heat shock protein to maintain

freshness in vegetables [13]. Akbudak et al. [14] reported that heating vegetables at 54˚C for 5

min was effective for preserving the freshness of tomatoes. However, currently, an impactful

freshness preservation method has not been employed practically other than the aforemen-

tioned freshness maintenance technologies. Therefore, a novel method of maintaining fresh-

ness in vegetables is highly desirable to improve the produce marketplace and industry’s

storage abilities.

The wilting of vegetables due to mass loss is an important cause of degradation in vegetables

after the harvest period. The majority of the mass loss in vegetables after harvest is due to mois-

ture loss, which is mainly associated with transpiration [15]. Hirano and Kitaya [16] reported

that transpiration increases with higher levels of gravity over the course of a parabolic airplane

flight experiment utilizing grown strawberries as a plant sample. This phenomenon of

increased transpiration may also be observed within postharvest vegetables. Thus, it is hypoth-

esized that the transpiration rates and mass loss of vegetables postharvest can be reduced by

placing the vegetables under a controlled microgravity environment.

In recent years, a device capable for creating and maintaining a microgravity environment

on Earth has been developed and harnessed to investigate biological reactions in outer space.

The principle of operation of the microgravity device is to rotate the object 360˚ slowly in

order to bring the mean value of gravity close to 0 m s−2. To be precise, the created conditions

are different from the microgravity conditions found in outer space, so the machine is suitably

referred to as a simulated microgravity device. Several studies published investigating the

applications of this device include the homogenization of crystals [17], the attenuation of rat

myogenic differentiation [18], and the effects of microgravity on epidermal stem cell metabo-

lism [19]. Experiments utilizing plants have reported microRNAs in tomato that respond to

gravity [20] and the delay of rice flowering in a simulated microgravity environment [21].

However, no report has been found concerning changes in the quality of horticultural prod-

ucts after harvest in relation to an experimental microgravity environment.

Therefore, the objective of this study was to demonstrate the effectiveness of vegetable stor-

age and freshness preservation facilitated by a simulated microgravity environment as a new

method for produce quality protection postharvest. Since a stable supply of food is important

for long-term stays in space, research on food production in space environment has been
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conducted in recent years [22]. The results of this study will support long-term stay missions

by extending the shelf life of the crop.

Materials and methods

Samples

After a single day following harvest, vegetable soybeans (Glycine max (L.) Merr.), mung bean

sprouts (Vigna radiata (L.) R. Wilczek), and white radish sprouts (Raphanus sativus var. longi-
pinnatus) were purchased from a supermarket in Tokyo.

Storage method

Vegetables were prepared in an A-04 Fix Box (AS ONE Corp., Osaka) (Fig 1(A)). Five sheaths

of vegetable soybeans, five mung bean sprouts, or three bundles of white radish sprouts (four

sprouts per bundle) were fixed within each box. Four boxes were prepared for each type of veg-

etable and then divided into two groups. Since the box has a vent, the samples were kept under

normoxia (O2 21%, CO2 0.04%).

One group of vegetables was attached to the inner flame of the gravity controller (Gravite1,

Space Bio-Laboratories Co., Ltd. Hiroshima, Japan) affixed with curing tape as shown in Fig 1

(B) and stored under simulated microgravity conditions by rotating the inner and outer flames

360˚ at 4 and 2 rotations per minute, respectively. The controller was set in a thermohygrostat

(25˚C, relative humidity 66%). Another study group was stored in the same thermohygrostat

as the control sample. Storage periods were 9, 6, and 5 d for vegetable soybeans, mung bean

sprouts, and white radish sprouts, respectively.

Shooting of mung bean sprouts using computer vision system

Mung beans sprouts were shot on 0 and 6 d to identify the form of the samples using the same

computer vision system (FMVU-13S2C-CS, Point Grey Research Inc., Richmond, British

Columbia, Canada) as the previous report [23]. A clear outline of a sample was traced utilizing

the outline detection filter of Adobe Photoshop ver. 13.0.1 (Adobe Systems Inc., San Jose, CA).

Measurement of mass retention rate

The mass retention rate was calculated from the measured mass value following this equation

[11]:

Mr ¼ 100 �Mt=M0 ð1Þ

where M denotes the mass of a sample (g), subscript r denotes the retention rate, and t denotes

the storage period, with zero denoting the initial day.

Analysis of mass loss velocity

The majority of mass loss in vegetables postharvest is caused by moisture loss [15]. Therefore,

the moisture diffusion model was coopted for analyzing the mass reduction velocity of the veg-

etables in the present study. In addition, the influence of gravity on the mass reduction rate of

sampled vegetables was mathematically analyzed using the following equation [24, 25] on the

basis of moisture diffusion:

ðMt � MeÞ=ðM0 � MeÞ ¼ expðk � tÞ ð2Þ
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where k denotes the mass reduction coefficient of a sample (d−1), t denotes the storage period

(d), and subscript e denotes the assumed equilibrium.

Eq 2 was transformed to a linear model as Eq 3 and mass retention rare values measured in

Subsection 2.4 were substituted into the following equation:

ln ðMt � MeÞ ¼ ln ðM0 � MeÞ � k � t ð3Þ

Statistical analysis

The mean data for mass retention rates and k values were compared using Student’s t-test

(p< 0.05) with JMP1 Pro ver. 14.2.0 software (SAS Institute Inc., Cary, NC, USA). A two-way

analysis of variance (ANOVA; p< 0.05) and linear regression analysis were additionally per-

formed using the same software.

Results and discussion

Fig 2 displays the changes over time in the measured values of gravitational acceleration, calcu-

lated with the accelerometer installed in the gravity controller. The gravitational acceleration

Fig 1. (A) A box (A-04 Fix Box, AS ONE Corp., Osaka) to store samples (scale bar: 10 mm) and (B) Method to store vegetables under different gravity levels in a

thermohygrostat. (a) Samples (e.g., mung bean sprouts) stored under simulated microgravity in a box set on the inner frame of the gravity controller (Gravite1, Space

Bio-Laboratories Co., Ltd. Hiroshima, Japan) (new treatment) (b) samples stored under normal gravity in a box (control treatment) (c) inner flame (d) outer flame (e)

accelerometer (f) hygrothermograph.

https://doi.org/10.1371/journal.pone.0240809.g001
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under the experimental environment where the vegetable sample prepared as the control was

placed measured 9.8 m s−2, and the sample attached to the gravity controller was stored in an

environment where the gravitational acceleration measured ca. 0 m s−2. The principle of oper-

ation of the microgravity device is to rotate the object 360˚ slowly in order to bring the mean

value of gravity close to 0 m s−2 [26]. Within this study, it was considered possible to conduct

an experiment to adequately investigate the effect of gravity on the mass loss of postharvest

vegetables.

Fig 2. Changes in gravity on the gravity controller (e.g., mung bean sprouts). Full line: x axis, dashed line: y axis, chain line: z

axis.

https://doi.org/10.1371/journal.pone.0240809.g002

Fig 3. Typical changes in the shape of mung bean sprouts at different gravity levels (scale bar: 10 mm). (a) a sample before the start of storage under normal gravity

[mass retention rate (Mr): 100%], (b) a sample after storage under normal gravity (Mr: 5.5%), (c) a sample before the start of storage under simulated microgravity (Mr:

100%), (d) a sample after storage under simulated microgravity (Mr: 17.8%).

https://doi.org/10.1371/journal.pone.0240809.g003
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Fig 3 displays the shapes of the sampled mung bean sprouts before storage and after 6 d

storage. A comparison between Fig 3(A) and 3(C) before storage demonstrated similar shapes,

but the shapes following storage under normal gravity (Fig 3(B)) and simulated microgravity

(Fig 3(D)) were varied, respectively. The thickness of the vegetable sample in Fig 3(D) was

retained at higher rates than in Fig 3(B). Nagano and Shimaji [27] reported that the higher the

levels of the moisture content in vegetables, the wider the plant width, and Bovi et al. [15]

found that the mass loss of vegetables postharvest was mainly attributed to moisture loss.

According to the aforementioned findings, it was thought that the thickness of mung bean

sprouts was retained under the simulated microgravity environment because moisture levels

were retained in the experimental conditions.

Fig 4 displays the changes in the mass retention rates of the three types of studied vegetables

over time. The principle of operation of the microgravity device is to rotate the object 360˚

slowly in order to bring the mean value of gravity close to 0 m s−2 [26]. Normal gravity was 9.8

m s−2 (gravitational acceleration on earth). In the case of vegetable soybean, the difference in

gravity levels did not affect the mass retention rate during the storage period for 9 d. In con-

trast, in the case of mung bean sprouts, the mass retention rate was significantly higher in the

simulated microgravity environment, on and after 3 d following the initiation of storage, and

in the case of white radish sprouts, on and after 1 d following the beginning of storage. This

suggests that the simulated microgravity environment possesses a mass retention effect, and

that the effect varies depending on the type of vegetable present under these conditions.

Table 1 displays the results of a two-way ANOVA of the effects of storage gravity environ-

ment and storage period on the mass retention of three types of vegetables. The mass retention

rate of all three types of vegetable decreased significantly in relation to the storage period,

though the effect of gravity was limited to mung bean sprouts and white radish sprouts. This

result also supports the result of Fig 4.

Fig 5 displays the results of analysis using Eqs 2 and 3 assuming that the mass reduction is

due to moisture loss. In this study, Me of vegetables was substituted into Eq 3 as vegetable soy-

bean: 28.3% [28], mung bean sprouts: 1.3% (minimum measured data), and white radish

sprouts: 1.1% (minimum measured data). According to the result from Fig 5(A), when the

measured data of Fig 4 was substituted into Eq 3, a linear relationship was observed. This sug-

gests that the temporal change of the mass retention rate can be analyzed using Eq 2 in the

same format as the moisture diffusion rate equation. According to the results in Fig 5(B), the

simulated microgravity significantly affected the k values of mung bean sprouts and white rad-

ish sprouts, though it did not affect the k values of vegetable soybean. It is possible that the k
value was significantly suppressed, and that the mass retention rate was significantly high

under the simulated microgravity environment on the basis of the results mentioned above.

Since the k values of mung bean sprouts and white radish sprouts were higher than those of

vegetable soybean, it was taken into account that the decrease in mass retention rates of sprout

vegetables with time were deemed remarkable. It was confirmed that the sprout vegetables

demonstrated a significant mass loss compared to the grain studied and that it was difficult for

sprout vegetables to maintain their freshness.

According to the results in Fig 4, mass loss of vegetables cannot be suppressed even under

the microgravity condition. However, in the present study, simulated microgravity exhibited

the effect of preserving the mass retention rate of sprout vegetables such as mung bean sprouts

and white radish sprouts. Because vegetable soybean is a product obtained by harvesting a por-

tion of the grain, it is thought that the moisture lost from the surface of the sheath led to subse-

quent mass loss. This mechanism of mass loss may not be affected dependent of gravity levels.

In contrast, the two types of sprout vegetables possess roots, stems and leaves, and it is possible

that, in addition to the dissipation of moisture from the plant surface, moisture also moved
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from the roots through the plant canal, leading to transpiration from the leaves. The k value in

Fig 5(B) is considered to be the value corresponding to the combined moisture loss by transpi-

ration and moisture loss from the plant surface. Regarding the effect of microgravity on plant

tissue, there are several studies utilizing Arabidopsis thaliana (L.) Heynh as a sample. Leitz

et al. [29] reported that gravitational sensing sites such as endothelial cells and columella cells

were deformed and activated when the kinetic energy of statolith sedimentation was converted

into biochemical signals. Toyota et al. [30] reported that sedimentation leads to the activation

of mechanosensitive Ca2+ channels, resulting in elevated Ca2+ concentrations in plants. Under

the simulated microgravity environment, the direction of gravity is not able to be sensed, the

moisture loss due to transpiration is suppressed, and the k value decreases, so it is possible that

the mass was retained.

The decline in mass (i.e., mostly moisture) of vegetables lowers nutritional quality, salability

(due to wilting, shriveling, softening, increased flaccidity, limpness, loss of crispness, and juici-

ness), and economic income, due to the loss of salable mass [31]. Therefore, mass retention is

important in maintaining freshness, and the mass retention of vegetables by refrigeration [6],

CA storage [32], MAP [33], though there are no reports regarding mass retention of vegetables

stored in microgravity environments. Although the range of the data in the present study is

limited to sprout vegetables, it was suggested by the results that a simulated microgravity envi-

ronment is effective as a novel freshness preservation technique for postharvest vegetables.

When simulated microgravity is employed in combination with conventional storage technol-

ogies such as low temperature and modified atmosphere (low O2, high CO2), it is possible that

a synergy mass retention effect may be observed.

Fig 4. Changes in mass retention rates of (A) vegetable soybeans, (B) mung bean sprouts, and (C) white radish

sprouts. Symbols are the means of ten (A, B) and six (C) measurements ± standard error. Dashed and full lines denote

the data under normal gravity and simulated microgravity levels, respectively. Asterisks denote significant difference at

p< 0.05 by Student’s t-test on the same day and vegetable.

https://doi.org/10.1371/journal.pone.0240809.g004

Table 1. Two-way analysis of variance on the effect of gravity and storage period on mass retention rate of vegetables.

Vegetable Effect Degree of freedom Sum of square F p
Vegetable soybean Gravity 1 189 3.00 <0.0875

Storage period 3 14200 75.5 <0.0001���

Interaction 3 47.8 0.253 <0.859

Error 72 453

Total 79 19000

Mung bean sprout Gravity 1 2910 27.2 <0.0001���

Storage period 5 52600 98.3 <0.0001���

Interaction 5 344 0.643 <0.668

Error 108 11600

Total 119 67500

White radish sprout Gravity 1 1450 38.9 <0.0001���

Storage period 4 31300 210 <0.0001���

Interaction 4 57.0 0.381 0.821

Error 50 1870

Total 59 34700

��� Significant at 99.9% level.

https://doi.org/10.1371/journal.pone.0240809.t001
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Fig 5. (A) Typical linear regression for calculating mass reduction coefficients of vegetable soybeans (triangle), mung bean

sprouts (circle), and white radish sprouts (square) stored under normal (closed symbols and dashed lines) and under micro-

(open symbols and full lines) gravities; Mt and Me denote the mass retention rate over the course of storage and assumed
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In addition, data on vegetable freshness in a simulated microgravity environment may be

useful for space development research. Several studies on plant cultivation in space exist in

current literature. Kitaya et al. [34] cultivated tomato seedlings in a Controlled Ecological Life

Support System and promoted growth by supplying CO2. Takahashi et al. [35] investigated the

effect of auxin on tropism by performing a cucumber germination experiment aboard a space

shuttle. Paul et al. [22] introduced many reports on plant biology enabled by the space shuttle,

e.g. Brassica plants on STS-87 had altered chloroplast morphology and altered chlorophyll a/b
ratios. Since no data have been found concerning changes in the freshness of postharvest vege-

tables in outer space, it is hoped that the results of this study will be confirmed in outer space

in the future.

Conclusions

The overall effect of preserving the freshness of postharvest vegetables under a simulated

microgravity environment produced by slowly rotating an object by 360˚ was investigated in

this study. The mass loss of two types of vegetables, mung bean sprouts and white radish

sprouts, was suppressed by placing them under a simulated microgravity environment. Since

mass loss is a serious phenomenon of freshness degradation among harvested vegetables, the

effect of preserving the freshness of vegetables was recognized in the simulated microgravity

environment. In contrast, in the case of vegetable soybeans, the suppression of mass loss in the

samples was not observed under the pseudo-microgravity environment. According to the

aforementioned results, it was confirmed that the simulated microgravity environment pos-

sesses the effect of preserving the freshness of the studied sprout vegetables. Since the mass

reduction coefficient of the mathematical model for calculating the mass reduction velocity

was minimized to be smaller under the simulated microgravity environment than under the

normal gravity environment, the freshness preservation effect under the simulated micrograv-

ity environment was quantitatively proved. This founding will support long-term space flight

missions by prolonging shelf life of sprout vegetables.
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9. Cia P, Benato EA, Sigrist JMM, Sarantopóulos C, Oliveira LM, Padula M. Modified atmosphere packag-

ing for extending the storage life of ‘Fuyu’ persimmon. Postharvest Biol Technol. 2006; 42: 228–234.

10. Boerzhijin S, Yoshimura M, Sotome I, Hirai MY, Makino Y. Perforation-mediated modified atmosphere

packaging of intact kale. Food Pack Shelf Life. 2020; 23: 100427.

11. Makino Y, Nishizaka A, Yoshimura M, Sotome I, Kawai K, Akihiro T. Influence of low O2 and high CO2

environment on changes in metabolite concentrations in harvested vegetable soybeans. Food Chem.

2020; 317: 126380. https://doi.org/10.1016/j.foodchem.2020.126380 PMID: 32086120

12. Watkins CB. The use of 1-methylcyclopropene (1-MCP) on fruits and vegetables. Biotechnol Adv.

2006; 24: 389–409. https://doi.org/10.1016/j.biotechadv.2006.01.005 PMID: 16530376

13. Ferguson IB, Snelgar W, Lay-Yee M, Watkins CB, Bowen JH. Expression of heat shock protein genes

in apple fruit in the field. Aust J Plant Physiol. 1998; 25: 155–163.

14. Akbudak B, Akbudak N, Seniz V, Eris A. Sequential treatments of hot water and modified atmosphere

packaging in cherry tomatoes. J Food Quality. 2007; 30: 896–910.

15. Bovi GG, Caleb OJ, Linke M, Rauf C, Mahajan P. Transpiration and moisture evolution in packaged

fresh horticultural produce and the role of integrated mathematical models: A review. Biosys Eng. 2016;

150: 24–39.

16. Hirano H, Kitaya Y. Effects of gravity on transpiration of plant leaves. Interdisciplinary Transport Phe-

nomena. 2009; 1161: 166–172.

17. El Masri D, Vissers T, Badaire S, Stiefelhagen JCP, Vutukuri HR, Helfferich P, et al. A qualitative confo-

cal microscopy study on a range of colloidal processes by simulating microgravity conditions through

slow rotations. Soft Matter. 2012; 8: 6979–6990.

18. Furukawa T, Tanimoto K, Fukazawa T, Imura T, Kawahara Y, Yuge L. Simulated microgravity attenu-

ates myogenic differentiation via epigenetic regulations. npj Microgravity. 2018; 4: 11. https://doi.org/

10.1038/s41526-018-0045-0 PMID: 29845109

19. Li BB, Chen ZY, Jiang N, Guo S, Yang JQ, Chai SB, et al. Simulated microgravity significantly altered

metabolism in epidermal stem cells. In Vitro Cell. Develop. Biol.-Animal. 2020; 56: 200–212.

20. Xu DQ, Guo SS, Liu M. Identification of miRNAs involved in long-term simulated microgravity response

in Solanum lycopersicum. Plant Physiol Biochem. 2013; 66: 10–19. https://doi.org/10.1016/j.plaphy.

2013.01.021 PMID: 23454293

21. Xie JY, Zheng HQ. Arabidopsis flowering induced by photoperiod under 3-D clinostat rotational simu-

lated microgravity. ACTA Astronautica. 2020; 166: 567–572.

PLOS ONE Preservation of vegetables under microgravity

PLOS ONE | https://doi.org/10.1371/journal.pone.0240809 October 15, 2020 11 / 12

http://www.fao.org/3/ca5162en/ca5162en.pdf
http://www.fao.org/3/a-i2697e.pdf
https://doi.org/10.1016/j.foodchem.2020.126380
http://www.ncbi.nlm.nih.gov/pubmed/32086120
https://doi.org/10.1016/j.biotechadv.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16530376
https://doi.org/10.1038/s41526-018-0045-0
https://doi.org/10.1038/s41526-018-0045-0
http://www.ncbi.nlm.nih.gov/pubmed/29845109
https://doi.org/10.1016/j.plaphy.2013.01.021
https://doi.org/10.1016/j.plaphy.2013.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23454293
https://doi.org/10.1371/journal.pone.0240809


22. Paul AL, Wheeler RM, Levine HG, Ferl RJ. Fundamental plant biology enabled by the space shuttle.

Am. J. Botany. 2013; 100: 226–234.

23. Makino Y, Goto K, Oshita S, Sato A, Tsukada M. A grading method for mangoes on the basis of peel

color measurement using a computer vision system. Agr Sci. 2016; 7: 327–334.

24. Bird RB. Definition of concentrations, velocities, and mass fluxes. In: Bird RB, Stewart WE, Lightfoot

EN, editors. Transport Phenomena. New York: John Wiley & Sons; 1960. pp. 499.

25. Koide S. Chapter 6. Diffusion process. In: Toyoda K, Uchino T, Kitamura Y, editors. Agri-Food Process

Engineering. Tokyo: Buneido Co, Ltd; 2015. pp. 185–186.

26. Uemura M, Yuge R. Method and apparatus for cultivating multipotent stem cells. United States Patent.

2011; No. US 8,034,616 B2.

27. Nagano T, Shimaji H. Internal plant-water-status and its control (1) Measurement of internal plant water

status. J Agr Met. 1976; 32: 67–71.

28. Kagawa A. Standard Tables of Food Composition in Japan. 7th ed. Sakado, Saitama, Japan: Kagawa

Nutr Univ; 2020.

29. Leitz G, Kang BH, Schoenwaelder MEA, Staehelin LA. Statolith sedimentation kinetics and force trans-

duction to the cortical endoplasmic reticulum in gravity-sensing Arabidopsis columella cells. Plant Cell.

2009; 21: 843–860. https://doi.org/10.1105/tpc.108.065052 PMID: 19276442

30. Toyota M, Furuichi T, Sokabe M, Tatsumi H. Analyses of a gravistimulation-specific Ca2+ signature in

Arabidopsis using parabolic flights. Plant Physiol. 2013; 163: 543–554. https://doi.org/10.1104/pp.113.

223313 PMID: 23835410

31. Kader AA. Transpiration or water loss, Modified atmosphere during transport and storage. In: Kader A,

editor. Postharvest Technology of Horticultural Crops. Oakland: University of California, Agriculture

and Natural Resources; 2002. pp. 41.

32. Makino Y, Inoue J, Wang HW, Yoshimura M, Maejima K, Funayama-Noguchi S, et al. Induction of ter-

minal oxidases of electron transport chain in broccoli heads under controlled atmosphere storage.

Foods. 2020; 9: 380.

33. Wang HW, Makino Y, Inoue J, Maejima K, Funayama-Noguchi S, Yamada T, et al. Influence of a modi-

fied atmosphere on the induction and activity of respiratory enzymes in broccoli florets during the early

stage of postharvest storage. J Agr Food Chem. 2017; 65: 8538–8543.

34. Kitaya Y, Shibuya T, Yoshida M, Kiyota M. Effects of air velocity on photosynthesis of plant canopies

under elevated CO2 levels in a plant culture system. Adv Space Res. 2004; 7: 1466–1469.

35. Takahashi H, Kamada M, Yamazaki Y, Fujii N, Higashitani A, Aizawa S, et al. Morphogenesis in cucum-

ber seedlings is negatively controlled by gravity. Planta. 2000; 210: 515–518. https://doi.org/10.1007/

s004250050039 PMID: 10750911

PLOS ONE Preservation of vegetables under microgravity

PLOS ONE | https://doi.org/10.1371/journal.pone.0240809 October 15, 2020 12 / 12

https://doi.org/10.1105/tpc.108.065052
http://www.ncbi.nlm.nih.gov/pubmed/19276442
https://doi.org/10.1104/pp.113.223313
https://doi.org/10.1104/pp.113.223313
http://www.ncbi.nlm.nih.gov/pubmed/23835410
https://doi.org/10.1007/s004250050039
https://doi.org/10.1007/s004250050039
http://www.ncbi.nlm.nih.gov/pubmed/10750911
https://doi.org/10.1371/journal.pone.0240809

