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Abstract.  Orientation of root growth on earth and under microgravity conditions can

possibly be controlled by hydrotropism-growth toward a moisture source in the ab-
sence of or reduced gravitropism. A porous-tube water delivery system being used for
plant growth studies is appropriate for testing this hypothesis since roots can be grown
aeroponically in this system. When the roots of the agravitropic mutant pea ageotropum
(Pisum sativum L.) were placed vertically in air of 91% relative humidity and 2 to 3
mm from the water-saturated porous tube placed horizontally, the roots responded
hydrotropically and grew in a continuous arch along the circular surface of the tube.
By contrast, normal gravitropic roots of ‘Alaska’ pea initially showed a slight transient
curvature toward the tube and then resumed vertical downward growth due to grav-
itropism. Thus, in microgravity, normal gravitropic roots could respond to a moisture
gradient as strongly as the agravitropic roots used in this study. Hydrotropism should
be considered a significant factor responsible for orientation of root growth in micro-

gravity.

The use of a porous tube is under consid-
eration as a part of water-nutrient delivery
systems for the growth of plants in micro-
gravity conditions (Dreschel and Sager, 1989;
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Koontz et al., 1990; Morrow et ., 1989;
Wright et al., 1988). A major concern re-
garding the microgravity environment is the
orientation of root growth in the absence of
gravitropic responses due to weightlessness.
Although not much attention has been paid
to the hydrotropic responses of roots for many
decades, roots have been reported to grow
toward a moisture source (Darwin, 1880;
Hooker, 1915; Knight, 1811; Sachs, 1872).
A recent study using the agravitropic pea
mutant ageotropum reported that roots show
a positive hydrotropism in the absence of
gravitropism (Takahashi and Suge, 1991).
When the roots are capable of responding
gravitropically, as in the case of honmutant
plants, hydrotropic and gravitropic responses
interact with one another, resulting in a greater
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Fig. 1. Typical hydrotropic responses of ‘Alaska’ and ageotropum pea roots. Photographs were taken

|

from the right with the porous tube (A) and from the left without the porous tube (B) 24 h after the
start of the experiment. Roots 1-4 are ageotropum and 5-8 are ‘Alaska’ peas. (P) porous tube; (V)
valve connected to a hypodermic syringe to pull water and to remove air; vertical arrow and (g)
direction of gravitational vector. The porous tube was removed in B for the photograph; the side
where the tube was is indicated by P and a horizontal arrow.

Table 1. Relative humidities (RH) at various
distances from the porous tube. The RH was
measured for both horizontal (sideways from
the tube) and vertical planes (below the tube)
3, 6, and 12 h after the start of the experiment.
Data represent the average of three time points
+SD (n = 3).

RH in RH in

Distance from horizontal vertical

porous tube plane plane

(mm) (%) (%)

3 90.9 = 0.7 91.5 = 0.7
10 84.6 = 1.0 89.0 = 0.6
30 83.2 + 0.9 87.9 = 0.6
50 82.6 = 0.8 853 + 1.8

hydrotropic response as the degree of grav-
istimulation is lessened (Takahashi and Scott,
1991; Takahashi and Suge, 1991). These ob-
servations indicate that the orientation of root
growth under microgravity conditions in space
may well be controlled by a hydrotropic re-
sponse. The porous-tube system is appropri-
ate for testing hydrotropism. Since roots can
be grown under atmospheric conditions in
the system, the moisture gradient created by
the tube is one factor responsible for the reg-
ulation of their growth orientation.

In this study, we have used a porous tube
as a hydrogtimulant and compared the hy-
drotropic response in roots of the agravi-
tropic mutant pea ageotropum (Blixteta.,
1958) to that of the norma gravitropic
‘Alaska pea. A hydrophilic ceramic porous
tube with pores 2 um in diameter (12.5 cm
long x 16 mm in diameter; Osmonics, Min-
netonka, Minn.) was filled with ditilled
water. A 10-ml syringe attached to one end
of the tube was used to siphon water from a
reservoir a the other end. When all the air
was removed from the system by this means,
the tube remained filled with water by the
capillary action. To maintain a full system,
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evaporation of water through the pores was
replenished at the reservair; that is, water
moved from the holding container and was
maintained as an unbroken column as water
evaporated from the tube. The saturated tube
was placed horizontally in the middle of a
5.9-liter acrylic chamber (16.5 x 20.3 x
17.5 cm) with an inlet and an outlet for air
flow. Moisture tensions of water a the top
and at the bottom of the tube were -289.4
and -96.5 Pa, respectively. These water
tensions did not vary throughout the exper-
iments, as the tube was full of water at all
times. To maintain »91% relative humidity
(RH) 2 to 3 mm from the tube, where root
tips were located, room air was filtered
through CaCl, and introduced into the cham-
ber. For the inlet of air, two 15-cm plastic
pipettes with 10 holes each, serving as man-
ifolds, were placed above and below the tube;
an aguarium pump and split tubing con-
nected to the pipettes was used to move air
at rates between 50 to 300 ml-min”. Two
outlet pipettes, like those noted above, were
placed on the opposite sides of the inlet pi-
pettes. Humidity in the chamber was con-
trolled by changing the amount of CaCl,used
and/or the rate of air flow because the RH
of room air was at 61.4% * 4.6% (mean
+sp) among experiments. RH and temper-
ature at different places in the chamber was
monitored by an HMI 31 humidity and tem-
perature indicator with a HMP 36/0904 probe
(Vaisaa Sensor Systems, Helsinki, Fin-
land). The sensor had been calibrated by the
manufacturer 1 month before use; recalibra-
tion showed that no change had occurred.
Experiments were performed at 22 + 1C
and under continuous white light at the flu-
ence rate of 15 pumol-m™-s’, obtained from
four white fluorescent tubes (FAOCW/RSEW-
I1, Philips, Bloomfield, N.J.) placed 2 m
above the roots. No thermal gradients were

detected at the distance between 2 to 3 mm
and 50 mm from the porous tube in the
chamber, athough the surface temperature
of the tube was not measured.

Seeds of ‘Alaska and ageotropum peas
were germinated on wet filter paper in a closed
container at 23 + 1C in darkness. When the
seedlings were 2 to 2.5 days old, straight
roots of both pea varieties, 25 to 30 mmin
length, were suspended vertically by secur-
ing the cotyledons to a Styrofoam plate
wrapped with moist paper (Whatman 40;
Whatman International, Maidstone, En-
gland) using a 38-mm-long insect pin. The
root-holding assembly was then placed by
the side of the porous tube so that the root
tips were located 2 to 3 mm from the tube,
where the RH was preset at »91%.

The RH gradient established in the cham-
ber was not linear over a distance of 50 mm
in either the horizontal or vertical plane (Ta-
ble 1). By far, the largest gradient occurred
within 10 mm of the porous tube in the hor-
izontal plane. The RH at 2 to 3 mm from
the tube,. where the roots were placed, re-
mained at »91%, and the gradient beyond
that point decreased but was stable during
the entire period of the experiment. In this
moisture gradient environment, roots of
ageotropum pea showed unequivocal pos-
itive hydrotropism 22 to 24 h after the start
of stimulation by curving toward the porous
tube, whereas ‘Alaska pea roots curved
dightly toward the tube (curvature 91.5 +
5.1° and 10.0 + 2.2°, respectively; differ-
ence significant at P < 0.01, two-tailed Stu-
dent t test, n = 18) but often resumed vertica
growth. Roots from both types of peas first
grew downward with an accompanying nu-
tation-like movement and then began to curve
sideways, toward the porous tube (Fig. 1),
between 3 and 4 h from the start of the stim-
ulation, as analyzed from time-lapse video
images (data not shown). Roots of ageotro-
pum pea (roots 1-4) grew continuously aong
the round surface of the porous tube. By 24
h after the start of hydrostimulation, the root
tips reached the opposite side of the tube and
even curved upward along the opposite side
of the tube as demonstrated by roots 1 and
4 (Fig. 1). Although the basal region of the
root touched the surface of the porous tube,
mechanical contact was not involved with
the initiation or continuation of the hydro-
tropic response. Ageotropum roots curved
continuoudly without mechanical contact be-
tween the responding region of the root and
the porous tube (Fig. 1A). In ‘Alaska pea
(roots 5-8), two roots showed only a dight
and transient curvature toward the porous tube
(roots 7 and 8), while two roots grew only
verticaly (root 5) or even curved away from
the tube (root 6). The norma weak hydro-
tropic response of ‘Alaska pea is most likely
due to an interacting or a counteracting effect
of the gravitropic mechanism in the root. Ini-
tialy, vertical roots curved sideways toward
the hydrotropic. stimulant. However, gravi-
tropism overcame this initia response as the
roots grew more horizontaly and the inten-
sity of gravistimulation was accordingly in-
creased to a sufficient threshold to cause
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growth to return to a vertical orientation
(Takahashi and Scott, 1991; Takahashi and
Suge, 1991).

Because ageotropum pea differs geneti-
cally from ‘Alaska pea, we were concerned
whether ‘' Alaska' pea roots are ahydrotropic
or not. However, we found that ‘Alaska pea
roots responded hydrotropicaly similarly to
ageotropum roots when the gravitropic re-
sponse was nullified by rotating on a hori-
zontal clinostat (data not shown). The ob-
servation suggests that the lesser hydrotropic
response of ‘Alaska pea roots resulted from
a counteracting effect by gravitropism. Per-
manent growth of roots downward or away
from the moisture source often took place
and was most likely due to a loss of turgor
on the dry side of the root (Hooker, 1915;
Takahashi and Suge, 1991). Such roots usu-
aly recover a positive hydrotropic response
(Takahashi and Suge, 1991), dthough the
occasiond root remained straight or curved
away from the moistened source as a result
of the increased distance of hydrostimulant
as well as the physiological status of the root
(Fig. ).

The results of this study indicate that the
hydrotropic response may be a significant
determining factor responsible for root ori-
entation in a porous-tube water delivery sys
tem under microgravity. A reasonable
hypothesis is that, in microgravity, normal
gravitropic roots very likely behave hydro-
tropically, as did the agravitropic roots shown
in this study. Because root hydrotropism oc-
cursin darkness (Jaffe et a., 1985; Taka-
hashi and Scott, 1991), roots may also respond
to hydrostimulation for the control of root
orientation in a dark outer space growing unit
where light will have to be excluded for var-
ious reasons. Further, the root hydrotropism
phenomenon in microgravity may be smu-
lated under prevailing gravity on earth by the
use of the agravitropic pea. mutant ageotro-
pum.
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