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Abstract

Unigue results from the plant growth research under|\microgravity were achieved
during the last experiments in the Bulgarian SVET Space Greenhouse (SG). It was
launched onboard the MIR Orbital Station (0S) in 1990 and \was the only equipment for
long lasting plant experiments in the world till the end of MIR 05, A totul of 680 days of
experiments with different plamt species were carried out on internationgl programs, In
1989-1999 two Russian crews conducied the most productive several-month experiments
with a new wheat variety. This more resistant variety cel{owed Sull life eycle plant
development and even producing second generation “space” A‘Fed.‘}. So, it was proved that
there were no obstacles to grow the crop that is most impor:qmr Jor the future Biological
Life Support Systems (BLSS) during long-lusting m:'.f.?i(m.s'i, The last O MIR crew
conducted experiments with different leafy vegerables in the SVET SG in 2000. Plant
samples were returned to Earth for analysis while the rest were eaten with pleasure by the
CoSmOnRauts to taste their flavour qualities. |

1. Introduction |

The rescarch on plant growth under mi¢rogravity is of great
importance since plants are a major clement of Biin]ogical Lite Support
Systems (BLSS) for future long-term space missions, Plants can supplement
the astronaut food and scrub the carbon dioxide in !c:abin air through their
metabolism, thus regenerating the atmosphere. Besiides, taking carc of a
garden in such extreme conditions has a significant psychological cffect on
the crew’s emotional status, rapidly enhancing the astronauts’ psycho-
physiological condition. |

The SVET Space Grecnhouse (SG), an autozi&mted [acility for plant
growth under microgravity, was designed in the Space Rescarch Institute,
Bulgarian Academy of Scicnces. It was tested and Iau!nched in space under a

joint project with the Institute of BioMedical Problems (IBMP), Moscow,
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within the Krystall module, docked to the MIR OS on June 10, 1990. Since
thosc times, SVET SG has been a regular cquipment 0nb0|dzd the MIR OS
(i1l its plunge into the Pacific and was used o dccommodau, a series of wtal
680 days plant space cxperiments on different scientific ptogrdms in 1990-
2000 (Table 1). Unigue scicntific results in the field of Space Biclogy were
obtained from these experiments.

Table 1. Main plant experiments carried out in the SVET SG
onboard the MIR OS
in 1990-2000.

No| Year Start-end | Day Plant variety Program
s

199G 16 Iin-8 Aug 54 | Radishes, Chincse Cabbhage INTERCOSMO
S

2 | 1995 10 Aug-9 Nov 90 | Wheat Super Dwarf | MIR-SHUTTLYE
3 [1996 5 Aug-6 Dec 123 | Wheat Super Dwarf MIR-NASA-3

4 |1996-97 | 6 Dec-17 Jan 42 | Wheat Super Dwarf MIR-NASA-3

3 | 1997 31 May-30 Sep | 115 | Mastard Brassica Rapa (3 veg.) | MIR-NASA-5

6 | 1998-99 | 18 Nov-26 Feb, | 100 | Wheat Apogee ' RUSSIAN

7 | 1599 9 Mar-17 Aug | 130 | Wheat Apogee (2™ generation)| | RUSSTAN

8 2000 21 May-15 Jun 27 | 4 lattice crops-genus Brassica | | RUSSIAN

Total time: 680

The first successful 2-month cxperiments with vegctable plants
(radishes and Chinese Cabbage) carried out in 1990 proved the elficiency of
Bulgarian hardware and technology [1,2]. In 1995, American scientists {rom
the Utah State University (USU}, USA and NASA/Ames Rescarch Center
designed the American Gas-Exchange Measurement System (GEMS) {3]. It
was added to the SVET SG basic Bulgarian cquipmcnh to record maore
environmental factors to which plants arc exposed. Three month wheat
(Super Dwarf variety) plant cxperiments were carricd out in the SVET-
GEMS cquipment. The physxologlcai and chemical andlyscs showed that the
space plants, grown in these two cxperiments, though lookmg healthy, had
been exposed to significant moisture and nutrient stress [4} This made us
direct our elforts to equipment optimization in order to provide more
adequate cnvironment for the plants - light ntensity and spectrum  and
substrate {soil) moistening.

A set of the SVET-2 SG equipment {(a grccnﬁmuac of a new
generation) with considerably improved technical characteristics was
designed by Bulgarian scientists on NASA’s order and lqunched on board
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the MIR OS in carly 1996. A succession of plant experiments on the
“Greenhouse” Project were planned by the USU and IMBP and carricd out
in the SVET-2 SG equipment on the MIR-NASA bﬁogra:m i 1996-97 {5].
The specific goals of these cxperiments werc to| grow plants through a
complete life cycle in space “from seed to seed”. Healthy plants of Supes-
dwarf wheat were grown through & complete: life cycle during the
“Greenhouse 2b” experiments conducted on MIR-NASA-3 program from
August 1996 to January 1997 by the U.S. astronauty Shannon Lucid and
John Blaha. Unfortunately, in these experiments | wheat sceds were not
produced in space. All 297 heads harvested on December 6, 1996 were
sterile - not a single seed was detected. It was found that the ethylene gas in
the cabin atmosphere of MIR OS had caused the sterility of the heads.

Another plant species - mustard plants (Brassica Rapa) with a very
short life cycle were used in the next "Greenhouse 3" experiments. They
were planned by the Louisiana State University, USU and IBMP and
conducted by the astronaut Michacl Foale on the MIR OS in 1997 under the
MIR-NASA-5 program [6]. For the first time, a ful%l plant life cycle “from
seed to seed” was completed and sceds produced in space were planted,
germinated and developed. A total of three successive gencrations of
Brassica Rapa plants were grown and harvested, |

Notwithstanding the indisputable success of ‘these experiments - a
complete life cycle “from sced to seed” achicved under microgravity - the
problem of producing wheat seeds in space was still left open. Scicntists
dirccted their attention to wheat planis again as more important for the
future BLSS and crew food during long-term space missions.

Experiments "Greenhouse 4 and 5" were performed on the MIR OS
under the Russian national space research pr()gra'm|in 1998-99. The main
purpos of thesc cxperiments was to continuc }Ile studies of wheat
reproductive function in microgravity and to grow crops of sevcral wheat
generations. The last experiment "Greenhouse 6" with leafy crops was
carricd out by the crew of the last MIR OS in 2000. i
2. Results from the Last SVET-2 SG Experiments on the MIR OS

The plant experiments in the SVET-2 SG were continued in 1998-99
with another wheat varicty Apogee. This variety was| designed by scientists
from the USU under the direction of Prof B, Bagbee espccially for
greenhouses and has the ability to form secds in the conditions of high
cthylene concentrations. The Apogee wheat reaches aiferage height, which is
important for the conditions of a space flight. The “Greenhouse 4” wheat
plant experiment was carried out between Novemhqi:r 1998 and February
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1999 by the 26™ Russian crew. On November 18, 1998, the space “farmers”
Genadiy Padalka and Sergey Avdeev planted 50 wheat Stf‘,t‘JdS, but only & of
them germinated due to insulfictent initial subsiraic moistening. New seeds
werc sown again on November 30. In the beginning of Dccember, they
started to germinate and grew good sprouts. Later, about January 27, plants
started to form heads, which seemed full with seeds. The scientists were
excited. For the first time wheal sceds appearcd to be obtained in space. The
crew conlirmed this at the time of video observations on February 2 (Fig.1).

Fig. 1. A photograph of the Apogee wheat
plants grown during the "Greenhouse 4"
experiment in the SVET-2 5G on the MIR
Orbital Station taken in Pebruary 1999,

All 12 plants with 29 ears had secds |7]. On Febr uary 26, the life
cycle was completed and the plants were harvested. All 29 ears were put in
a bag and sent to Earth. On Earth, cach car with the sécd was packed
scparately and sent for detailed analysis. A total of 508 space-produced
seeds were counted although the investigators anticipated | getling no more
than 100. The preliminary report said that the “space” seeds had similar
structures to "earth” sceds and that they looked viable. Only 10 seeds were
kept onboard lor further sawing in order to produce second | gencration Space
seeds. 45 of the sceds that slipped out of the cars werc packed and put aside
10 be planted on Earth., Fresh sceds usually require a lnn.L rest period (of
several months) before planting. The scientists used another way in order to
save time. On April 1, they soaked these 45 secds for a|day. 40 of them
germinated and were put into a freezer. On April 5, the seeds werc taken out
and, on the next day, all 40 seeds were planted and further sprouted.

The same procedure was applied onboard the MIR OS. On March 3,
1999, the next “Greenhonse 5 wheat plant experiment was started by the
27™ Russian space crew. The cosmonauts soaked 40 seeds (10 space-
produced and 30 carth-produced). All the sceds germinated and, on the next
day, they were put into a freezer for several days. On March 9, the seeds
were planted in the SVET-2 SG. Unfortunately, at this L1m? the temperature
in the MIR OS was about 29°C while the wheat plants 1equlred an optimal
soil temperaturc of 12-17°C. For that rcason, only two DLIT of the ten space
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seeds sprouted. Further, onc of them died and the only remaining wheat
plant developed and produced sceds. Nevertheless, this was a unique result.
For the first time second-gencration space SC(.?dS were produced in
microgravity. In April, the new “space” sceds were returned to the MIR OS.
They endured the landing and launch loading well and were planted in the
vacant places in order to use the sowing area more effcctively, The
experimeis were completed on June 7, 1999, but the plants were not
harvested because of the risk of rotting. The equipment continued operating
till August 17, when the plant samples were collected and returned to Earth
for further detailed analysis. All the 5 second-generation space secds were
planted on Earth, germinated and produced hea]lghy green plants.  The
experiments gave [urther cvidence that wheat growth and development in
microgravity follow the same pattern as on Earth, Téhe period of vegetation
as a whole was not extended. Neither were the individual phascs of wheat
development. Experiments "Greenhouse 4 and 5" yielded a total of more
than 1000 "space" sceds and second-generation "spzué:e" seeds were obtained

in the "Greenhouse 5" experiment. Table 2 prescnts Qata for the comparative
analysis of two space generations wheat plants [8].0n the whole, the only
second-gencration space plant was not morphologically different from the

first-generation ones and the ground experimental sm}'fiplcs {control).

Table 2. Characteristics of Apogee wheat in experiments
"Greenhouse 4 and 5" |
|
Parameter Flight Flight experiment | | Control Control
experiment "Greenhouse 5" without with
"Greenhous I I ethylene ethylene
e4" generatio | generatio 1.1 mg/m’
11 n
Period of the full 70-82 83-90 83-90 80-83 75-80
cycie of vegetation,
dayx
Dry mass of one 3.64 2.29 1.21 3.05+0.86 | 1.70+0.28
lant, g |
Number of shoots 24 2.1 20 | 2.8+04 3,010
with heads per plant '
Plant height, em 35.343.1 33.945.9 27.0 44 8+2.8 277411
Stem length, cm 26.242.0 | 27.143.1 22.0 36.243.1 18.9+4.2
Number of seeds per 42.3 20.7 5 68.3 13.2
lant
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This experiment was a great scientific success. A plant with a long
lifc cycle was grown “from seced to seed” in space. Morcover, this was a

wheat plant - a plant of great agricultural importance. Bef
the “Greenhouse 4 and 57 cxperiments were received the r
microgravity on plant development was debatable. Now bi
conclusion that retarding of plant devclopment in space is
by the lack of gravitational force, but also by the conditi
closed space where there arc many environmental p
concentration, though admissible for man, is harmful to pla

The MIR OS was renewed after it had been empty
the next “Greenhouse 67 plant experiment was carried out
under the Russian national space program. Sceds of 4 dif
tattice crops - genus Brassica were planted in the SVET-2 §
the 28" space crew (cosmonauts Sergey Zalyotin and A
which grew normal biomass (Fig, 2).

The planis were chosen for their short vegetatic
mature in 2-4 wecks after sowing). The experiment was ¢

ore the results of
ctarding effect of
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caused not only
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lexander Kalery)
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15. A sample of cach plant was brought back to Earth, while the cosmonauts

tested the rest.

In the 2000 cxperiment, four leafy vegetables we
days, including Chinese cabbage (Brassica rapa var. pek
(B. rapa var. nipposinica), broceoli (B. rapa var. utilis),
Juncea). The growth and development characteristics of
plants did not differ from their ground analogues. The con
the Chinese cabbage crop dry mass grown in the 1990
experiments demonsirated that productivity in the latter w%aﬁ

Fig. 2. A vicw on the green plants (4 lattice crops) grown
in June 2000.
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In the 2000 experiment, cosmonauts tested the flavour qualities of the
reccived leaf vegetables and concluded that any of the four varieties would
be a significant enhancement to their diet, and a \:mrthy crop for a space
production greenhouse, as they gave preference to E\/lﬁzuna and mustard,

3. Major scientific results |
More than 400 experiments were conducted on the MIR OS during
its 14 years in orbit. And the "Greenhouse" experiments are considered to
rank among the most important and successful ones. |
The scientific results obtained during the SVET and SVET-2 SG
experiments answercd a number of questions concerning plant growth under
microgravity [9]:
 Light completely replaces the gravity vector and plants turn towards the
light as they sprout. The plants which are in the middle of the sowing
area turn upwards while the others turn aside because of the reflecting
surface (mailar) put on the walls within the Ci]&ln!)ﬁ[’.

e Seeds must be orientated before sawing because if the root begins to
grow towards the light, the plant will die. |

¢ The roots fill up the entire substrate volume and‘thcy are oricntlated not
to the gravity vector but to the areas with more nutrients and moisture.

» The nutricnts flow away towards the tuber and| this is not because of
gravity but due to the capillary osmose (in 1990, tadishes were grown),

¢ The space plants take the same lime to ﬂoweri and produce sceds in
microgravity as they do under normal gravity conditions,

The results obtained during the biological flight experiments are
fundamental. Reiteration of the “secd-to-seed” cyc]_c! was dchieved and the
environmental variables in a human space habitat'(MI’R 0OS) having an
impact on plant growth and development under microgravity were
determined.

The main result from the series of experiments in the SVET and
SVET-2 SG on the MIR OS is that therc is no “show-stopper" for plant
growth in microgravity. The research conducted in this facility brought the
scientists nearer to the possibility to grow plants for food in space. They
proved the feasibility of BLSS development if appropriate equipment was
designed,

The successful Brassica Rapa and Appogee wheat experiments
showed that the lack of gravity is not an obstacle for normal plant
development in space. The impact of INICrogravity as a stress operator on
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the sccond and third generation space-produced seeds in case of normal
plant size and yields is possible to be found on a cellular level.

The vegetable plants grown onboard the MIR| OS during the
"Greenhouse 1" (1990) and "Greenhousc 6" (2000) experiments are of
another important plant group that deserves special | attention. Both
experimenis were conducicd under severe water stress no matter that it was
caused by dilferent reasons. A few months belore the MIR OS plunge mito
the Pacific (in March 2001), the crew tasted the green qalads grown in the
SVET SG for the first time,

4. Prospccts for the ISS

The new International Space Station (ISS) will provide a perfect
opportunity for conducting full life cycle plant experiments in microgravity,
including measurement of more vital plant parameters duri.rlig the nexi 15-20
years. Now, many countries (Russia, USA, Italy, Japan, etc.) arc desighing
plant growth facilities for scientific research based on the SVET S$G
operational principles, scheduled for the ISS.

The designed biotechnological and technical uqlﬂipment and the
conduction of so many successful experiments make Bullaarlan scientists
preferred partners for future international coliaboration tn design facilitics
for plant microgravity rcsearch on the ISS. The um:vor@allty of the
equipment allows different international teams of biol(_:gists 1o use it tor
experiments planned on their own programs, There are different proposals
for joint projects, but the most perspective is the Brazilian gne.

In October, 1999, a Memorandum of Understan
between the SRI and BRAZSAT (Brazilian Company in
rescarch and commercial space services). According to i,

ding was signed
the arca of space
‘both parties will

work together on the development of Equipment for Agricultural Research

i Microgravity (EPAM) using Bulgarian space greenh

Two governmental institutions were involved in the Proje

JUSC CXperience.
ct: the Brazilian

Space Rescarch Institute (INPE) and the Brazilian Agricultural Research
Company (EMBRAPA). In 2000, a Feasibility Study (301:1tr_act was signed
and now we arc wailing for financial support for the next stages of the

Project’s development.

A new Concept for a new Space Greenhouse, based
experience and "know-how"
differential plant chamber air paramcters and somc pla
parameters will be measured and processed on-hine. Using
photosynthesis measurement data the controller will evalua

on the Bulgarian

is being developed [10]. |The absolute and

it physiological
transpiration and
e the plant status

and perform adaplive environmental control in order to provide most
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tavorable conditions for plant growth at every stage of plant development in
autonomous mode during plant microgravity experiments.

The Bulgarian and Brazilian Governments SLEI[)[)OI‘E the negotiations -
a bilateral agreement was signed in 2000 during the visit of the Bulgarian
Foreign Minister in Brazil. The EPAM launch into space is scheduled for
2003-04 and will be probably connected with the flight of the first Brazilian
astronaut. The aim of the cxperiments will be to Lcsli the effectiveness of the
methods for fighting plant diseases and to grow |more productive plant
species in the conditions of microgravity. EPAM will be mounted in the 1SS
Brazilian allocation and will be accommodated in a double middeck locker
in the upper half of the NASA developed EXPRESS Rack.
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IMOCIHENHHA EKCIHEPUMEHTH C PACTEE;.HSI B
KOCMHUYECKATA OPAHMKEPHA "CBET"' HA bOPJA HA
OPBUTAJIHA CTAHLUSA "MHUP”

Tansn Heanosa, Ceemnana Canynosa, [lnamen Kocmos, Hean Jfanoonos

Pesrome

VHUKAJHY pe3yiTaTé B U3CAEBAHUATA, CBBP3AHY € PASBUTHETO Ha
pacTeHusTa B YCJIOBHA Ha OE3TErAOBHOCT, ¢a NOCTUTHATH YO BPEME Ha
NOCHCHHUTE ekcliepuMeHTH B Onirapckara Kocmuyecka dpaﬁmepm{ (KO)
CBET. Tx e u3cTpensina Ha Gopaa Ha OpOutanna craHuys (OC) MMUP npes
1990 r. u Gewre enuucTBEHATA anapaTypa 3a nmrocpoqnn M3CNEOBAHHS C
PACTEHHS B CBETA OO Kpast Ha ChIecTByBaHeTo Ha OC VH/IP B mex ca
nposencHy o610 680 OHY EKCTIEPUMEHTH ¢ Pa3JIMYHY BHUJIOBE DaCTCHHS IO
MEXIYHAPOHHM nporpamu. B nepuopa 1998-1999 r. ABaTa, PyCKH exmnaxa
na OC MMHP oceuecTBMXa Hal-pe3ynTaTHHUTE HAKOJNKO-MECETHM
eKCIIepHMEHTH ¢ HOB COpT MuueHHUa. To3u Ho—y(:"mntmlﬁ COPT TIO3BOJIH
OCBILIECTBABAHETO HA NbJIEH LMKLJ Ha Pa3BUTHE Ha PaCTEHUsATa M JOpH
MOAY4YaBAHETO HA  BTOPO MOKONEHMe “xocMudeckn” cemena. Taka Oe
OOKa3aHo, d9e¢ HiAMA [Opeykd na Oppe OTTekAaHa B YCIOBHE Ha
De3TerMOBHOCT ¥ Hal-BakHaTA Kynrypa 3a 6MOHOFH‘{HP|ITC CUCTEMHU 32
OCUTYPSIB&HE HA KMBOTA HA KOCMOHABTHTE TpY ObACIUUTE M ABIrOTPaRHM
nojetu. Ilocnennusar exunax wa OC MMP nposene éxcnepumemn c
pasznkuuM pyuacse canatedu kyatypu 8 KO CBET mnpes 2000 r. O6paznm ot
pactenustra Bsxa BbpHATH HA 3emsaTa 32 MICHEABAHMS, & ocrananuTe Gaxa
H3sIEeHU ¢ YAOBOJCTBHE OT KOCMOHABTUTE 3a [ia Ce TECTBAT BKYCOBUTE HM
KayecTra.
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