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The orientation of x hleat seedlinig Organis has
been shownv by LYoIn and YokoVanma (6) to be
controlled by the interaction of geotropisnm and root
epinastv. A weak fornm of plagiotropism keeps the
primary root from growing straight down in a
gravitational field. The first pair of lateral roots
are strongly plagiotropic as they grow in a plane
on opposite sides of the prinmary root.

Tlhe epinastic tendencies produce growtth curva-
tures in the roots if the geotropic responses of the
seedling organs are elimlinated by rotation of the
developing seedling in vertical planes about the axis
of a horizontal clinostat. Growth curvatures form
in the coleoptile during its growth on a clinostat
wlihen this organ is elongating fast enough to show
the effects of unequal basipetal transport of its auxin.

This iniformation about the growth fornm of a
wheat seedling in relation to gravity w%as obtained
primarilv as baseline data for an experiment in
whlichl wheat seedlings were to be grown in anl earth
satellite and returned for analysis of the effects on
gernmination and growtlh. The successful launch of
NASA's Biosatellite II in September, 1967, its con-
trolled orbital flight at an altitude of about 170
nautical mliles for nearly 2 days, and the retturn of
the experiments by parachute and airplane hlas pro-
vided uni(lue experimental evidence in the area of
growvth physiology of seedlings. The results also
provided the first basis for testing the reliabilitv of
the rotary clinostat for critical studies of geotropism
and related aspects of plant growth.

Materials and Methods

Seeds of winter wl%heat (Triticitimi aestivuni L.),
selected for uniform weight aind good embryos, were
planted in holders devised by a group of experi-
menters to produce sets of seedlings wN-ith organs
free of mechanical disturbance of their tissues and
orientation. These experimiieniters shared the uise of
the seedlings whiclh grew in the orbital experimiient
package anid in 4 identical packages planlted anld
managed for groulndl control exl)ermieits.

Supported by the Nationil Aeronauitics anid Space
dmiLnllistration throtugh research gralnt Ns(;-231 and

reseatrch contract 'NAS2-1558.

Th'lie preparation of the sets of l)lanted see(l
holders and their inistallation in 4 chambers of eaclh
sealed package was carried out accordiing to a rigid
plan and timetable under the supervision of qualified
inslectors. The system provided for accuracy in
timing the growtlh periods and a maxiimium of uInIi-
formity- in the growth conditions for the 78 seeds
in each experiment, flight and control. The form,
structure and use of the seed holders were described
in our earlier papers (3, 6). Eaclh seedling devel-
oped with its orgaans growing in mioist air, free from
conltact with solid materials.

The length of each coleoptile and root was Ieas-
ured at the close of an experiment, after alpicture
on color film had been taken of eaclh row of seed-
lings, as in figure 1. As explained and illustrated in
the 1966 paper, eaclh conmbined face- and side-viewx
picture of the planlts was used later in projection on
a wall. There the orientation of the tip of an organ
could be measured by the angles formled between the
longitudinal axis of the seed and a line drawni froml
the tip to the base of the root or coleoptile. 'rhe 2
aingles for each organ were comlputed from a set of
X, Y, and Z coordinates, measured by dividers alnd
scale from the proj ected, enlarged image of each
organ and a vertical line through its base. A comll-
puter program supplied the angles witlh an accuracy
of 0. 10 as they are used in the data for miealns in
table IT. Eaclh face-view angle was measured clock-
wvise from the vertical O0 positioIn while the side-view
angle described the third-diniensional displacement
of the organ froml the samiie 00 to 1800 line thrIough
the origin of the organs.

An experiment package consisted of 4 plastic
cy-linders mounted oIn a metal base aIl- each fitted
with a thermistor for periodic records of internal
temperature (3). One large cylinder provided space
and a moist, sea-level atmosphere around 3 sets of
seedlings. Of the other 3 chlamlbers w\ith 1 seed
lholder each (5),5 2 vere equipp)ed to spray-fix their
seedlings w'ith formalin-acetic acid-alcohol before the
l)ackage \\was returln-e(l frollm orbit. 'I'iiis fixatioIn
\.as pelrforme(l ini each package ahout 58 hours after-
initial hydr-ationi of the seeds alid 4.3 lhours after
launlich of the spacecraft. 'rThe other seedlings grexw
2 hours longer before returni of the experiment to
gravity wlile on tlle l)arachute. They continued to
growv wvith seed axis erect to gravity for about 5
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FIG. 1. Wheat seedlings that grew during 45 hours of onbit and 5 hours of recovery period. Sirde views in 450
mirror at right of face views.
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hours, until their remioval fromii their growth chainl-
bers at the recovery laboratory in Hawaii.

The timiie required for assemibly of the various
exl)erimlents andl sl)acecraft l)arts resulted in the
earliest stel)s of seed germiiination being subject to
the influtence of gravity for about lhours. Post-
fliglht tests have showni that germiinationi during this
perio(l goes no farther at miiost than rupture(l see(d
coats over the radicle end of the embryo. The cul-
ture system l)roduced no organs of measurable leingth
before tile partially hydrated seeds were carried into
the free fall conditions of orbit. Possible effects of
vibration and acceleration during lauinch had been
pre-tested and found to have no detectable effects oln
growth rate or form of seedlings grown thereafter
on horizontal clinostats.

Of the 4 ground controls for the orbital experi-
ment, the Erect Control I package was held at 700 F
with the seed holders and embryos erect to gravity.
The temperature of the Erect Control II package
was nlade to vary narrowly around a mean of
67.50 F, following that of the flight package as re-

ported by telemetry. Clinostat Control II seedlings
grew for 60 hours at a mean temperature of 70.60 F,
with the package attached to a horizontal clinostat

that rotated the plants at 6 rph for 45 hours while
the flight experiment was in orbit. Clinostat Con-
trol I seedlings grew on a similar clinostat for the
same leriod, then erect for 5 hours, with the package
at a mean temperature of 68.70 F. Because of a

conflict with the closing time of this ground control
experiment after the same 65 hours of growth as in
the flight experiment, the seedling organs of Erect
Control II were not measured until about 66.2 hours

frolmi the timiie of immersing the seeds in water.

Results
and Discussion

Seedlings grown in the orbital experiment of
Biosatellite II resembled those from the clinostat
ground controls in every respect. They differed
from seedlings grown erect to gravity only in the

orientation of their organs, notably the roots. The
germination rate was about 96 % in all experimienits
anid onlI 3 seedlings were eliminiated as too defective
for use in calculationis of mieall lengthls.

Orqgani Le igtql. The miean lengths of the organs

fromii the ; test p)ackages are siown in table 1. 'I'he
fixationi of somie plants with only 43 hours of growth
in free fall anid the return of the capsule fromil orbit
2 houirs later foun-d niany of the seedlings xvith

lateral roots less than 2 mnm long. Since the extent
of growth of all organs was the samle for the orbital
an(l cotntrol experiments. the average lengths w\ere

comlputed without selectioll or adjustment of dlata.
The essential agreenment of measurenmenits for 25

seedlings fixed in orbit at growth age 58 hours anid
for the 48 plants recovered alive after growing about
7 hours longer, with comparable measuremiients fronm
the control experiments, is apparent from the entries
in table I. The statistical analysis of the data for
length of organ was directed specifically toward
significant differences at the 1 % level of confidence.
The computer program for means, variance and
T-ratio was based on the Kurtz nmethod (2) for
pairs with possible unequal variance. The exact
probabilitxy was computed by the Veldman (7)
2-tail formula for use of knownl T-ratio and degrees
of freedonm.

The few cases of differences in organ growth
appear mostly among the mleans for the lateral roots
of the control experiments and in the measurements
at age 58 hours. This is unlderstanidable froml the
differences in tenmperatures and in the variability of
initial gernmination stages under the conditions for
water supply to the embryos. Except for 1 instanice
of slightly shorter coleoptiles at 65 hours in ani erect
control and for the loniger lateral roots at the higher
temiiperatures of a clinostat control test after 58
hours, the organs that developed in the orbital
experiment were neither longer nor shorter on the
average than those in the ground control packages.

The absence of gravitational force within the
organs of a seedling seemed to have no effect on

the basic growth processes and biochemical reactions
which control the rates of meristematic activity.

'fable I. MIeani Lenigths of Wheat Seedlinig O gansl
Flight and ground control experiments.

Mean

58 Hrs
Flight
Clino. control I
Clino. control II

Erect conitrol I
XErect con-mtrol 11

6.;1 IIrS2

Flighit
Clino. control I
Erect conitrol I

F°
67.5
68.7
70.6
70.0

67.5

67.5
68.7
70.0

Coleoptile

(ii)

(25)
(25)
(30)
(27)
(27)

(48)
(46)
(45)

Primary root

/Ii ill

3.2
2.7a
3.3a
2.8
2.9

4.la
4.0

3.6a

(Ii)

(25)
(25)
(30)
(28)
(27)

(48)
(46)
(46)

Lateral roots

"'17ll

8.6
/.7a

141.0a
8.8

10.4

21.5;
31.3)
21.5

(n)

(50)
(50)
(60)
(56)

(96)
(02)
(92)

II Ill

2.4a
2.Ocd
3.8ade
1.8he
4.01hc

10.1
10.6

9.7
1 Coniparable pairs of means are significantly differenlt statistically on-ly if coded wx;th thle samiie subscript letter.2 Organis for Clinolstat Control II and Erect Control II were not measured at 66 hours.
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Table IL. M1eani Orientationi Anglcs of Sccdling Oryganiis
Fhglilt experililent and groul(n1 cotlltrols.

Cd1ecoptilc Primlia;r- rioot
Face' + Side Face' Si(de Face
(11)

(t73)
(71)
( 72)
(()7 )
(733)

15.2a2
I 3.1al
15.7a
1 0.61)
11.11,

21.2a
20.2.;
28.0-)-.
7.81
8.5Sb

(11)
(7/1)
((9)
(72)
(70)
(71)

3)4.7a r
26.1 a
43.8ec
12.51)
10.3b

279.7a
272. 1
277.9;
242 (0b
239.8b

Left root

(11)

(45 )
(47)
(61)
(48)
(63)

Side

13;.8a.I
94.5c

114.2ac
18.11)
21.11l

Rilglht roo(t
iKice

(11)

79.7a
83.la
76.7a

1 16.4b)
116.81

(51)

(58)
( 53)

(64)

X.An1gle melasures dl\ aiation from the 00 to 1800 linle, left or r1iglt.
2 Pairs of means ial an-colun are nlot significantly (diiffereint statiisti,caflv if coded wit]) the same slli)scril)t letter.

'I'llere was also 1o (letectaIble disturbalnce in tile
pro(duction and transport of growthl regulators during
the germiination stages. The limlite(d utse of seeds
in Russian satellites (1) did not test these effects
because the conditions for germiinatioln were not
sup)plied until after the seeds wNere returned to earth.

Oriintationi of Organis. The criteria for deter-
mininig possible effects of orbital grow th on the
orientation of see(lhing orgalls appear in conlipar-isonis
of face- anld side- view angles at wNhiclh the organs

,,re\\ in the flight atnd grounld conltrol exl)erinlellts.
Mlarked differences were known to occur )etw\een

organs produced on clinostats aind those whiclh de-
xvelol) fronl enlbryos erect to gravity (6). lihe
critical test of slpecial effects froml germiniation
(iurilg free fall is conlllparisoll of orielltatioii angles
in the flight anld clinostat coiltrol seedlings.

The data for these ailgles ini table II showv close
agreenlent of the mean values for all organs, as

indicated bv the coding of statistically significant
differences. The methods used for the analvses of
data were the same as those used for length of organs.
There are verv few differences anmong the compar-
able angles which describe the orientation of organs
that developed without a geotropic effect of gravity.
With only exceptioll, these angles are significanitly
different fromii the corresponding mean valuies for
seedliings held erect to gravity.

The limited growith of the coleoptiles in the
curtailed experiment madle it necessary to combine
the mealsuremellnts for displacenlent of the tips in
the face-view and side-view,- planes. The average
inibalance in growth from the iinitial orientationi of
this organ w-as predictably smaller than that for a

root either in free fall or on a clinostat, since a

growth curvature of a coleoptile was due only to an

unequalized longitudinal transport of auxin (4) from
the til) of a short organl. The muclh larger growth
curvatures of roots produced ithout a gravity
vector in flight or a geotropic effect o01 clinostats
w-er-e nmediated by the uliequal supplies of growtl
liormlolle to opposing sides of anl organ in w\-hich aii

epinastic tendency (6) is responsible for the plagio-
tropic orientation when the plant grows erect to
gravity. The synmmetry of the epinastic force in the
lateral roots of the wheat seedling and its like effect
(luring seelliiig growth on a clinostat or in. the

orbital experiment cani be seell in tile mieani face-view
angles for the 2 lateral roots as displayed in table IT.

Cliniostat Con firnwiatiou. The essential identity
of tile small growtth curvatures in the coleoptiles and

of epinastic responses in the roots of seedlings grown
in orbit, with the corresponding orientation l)attern

of seedling organs which developed in plants growin

on a horizontal cliilostat lias confirmed the reliability
of thlis device as all instrunilenlt for terrestrial studies
of geotropis il and related aspects of growtil phys-
iol(io\. The albselnce of tiifferetices inl size of organs
between thlose (le\elopledI Otl a clinostat rotating at
6 rph anid those grown either- in free fall or erect
to gravity also indicates a lackIof disturbanice of the
basic growth processes in such a pllant. 'Ilie lilllita-
tioll of the exlperillment, hlowever, to sillall pIlanlts
grow,-n in darkness fromii stored foods does ilot pre-
cltdde possible secondary effects OIl mlorphogenlesis
in the absence of ani effective gravity vector -within
a plant that normally grows ^vith an erect axis.
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