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Article Addendum

How amyloplasts, water deficit and root tropisms interact?
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Hydrotropism, the differential growth of plant roots directed by
a moisture gradient, is a long recognized, but not well-understood
plant behavior. Hydrotropism has been characterized in the model
plant Arabidopsis. Previously, it was postulated that roots subjected
to water stress are capable of undergo water-directed tropic growth
independent of the gravity vector because of the loss of the starch
granules in root cap columella cells and hence the loss of the early
steps in gravitropic signaling. We have recently proposed that starch
degradation in these cells during hydrostimulation sustain osmotic
stress and root growth for carrying out hydrotropism instead of
reducing gravity responsiveness. In addition, we also proposed that
abscisic acid (ABA) and water deficit are critical regulators of root
gravitropism and hydrotropism, and thus mediate the interacting
mechanism between these two tropisms. Our conclusions are based
upon experiments performed with the no hydrotropic response
(nhrl) mutant of Arabidopsis, which lacks a hydrotropic response
and shows a stronger gravitropic response than that of wild type
(WT) in a medium with an osmotic gradient.

Roots of land plants sense and respond to different stimuli, some
of which are fixed in direction and intensity (i.e., gravity) while other
vary in time, space, direction and intensity (i.e., obstacles and mois-
ture gradients). Directed growth of roots in relation to a gradient in
moisture is called hydrotropism and begins in the root cap with the
sensing of the moisture gradient. However, since gravity is an omni-
present accompaniment of Earthly life and many living process have
evolved with it as a background constant, it is not surprising that
root hydrotropism interacts with gravitropism.! The hydrotropic
response in Arabidopsis, compare with other plants such as pea and
cucumber?? is readily observed even in the presence of gravity.*>
When Arabidopsis roots are subjected to a water gradient, such that
the source of water is placed 180° opposed to the gravity vector, the
roots will grow upwards, displaying positive hydrotropism. Therefore,
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it has been feasible to isolate so far two Arabidopsis mutants affected
in their hydrotropic response.»® Analysis of these murants reveals
new insights of the mechanism of hydrotropism. For one hand,
the no hydrotropic response (#hrI) mutant lacks a hydrotropic
response, and shows a stronger gravitropic response than that of wt
and a modified wavy growth response in a medium with an osmotic
gradient.>” On the other hand, the mizu-kusseil (mizl) mutant did
not exhibit hydrotropism and showed regular gravitropism.® Hence,
the root hydrotropic response is both linked and unlinked from
the gravitropic one. Nonetheless, 7izI roots also showed a reduced
phototropism and a modified wavy growth response. This indicates
that both MIZ1 and NHRI are not exclusive components of the
mechanism for hydrotropism and supports the notion that the root
cap has assessment mechanisms that integrate many different envi-
ronmental influences to produce a final integrated response.® Thus,
the physiological phenomena distinctively displayed by roots in order
to forage resources from the environment are the result of integrated
responses that resulted from many environmental influences sensed
in the root cap.

In the course of studying how gravity and water availability
affected the perception and assessment of each other in root cap
cells that generated the final root tropic response, we found that
ABA is a critical regulator of the signal transduction mechanism
that integrated these two-root tropisms.” For this, we analyzed the
long-term hydrotropic response of Arabidopsis roots in an osmotic
gradient system. ABA, locally applied to seeds or root tips of nhrl,
significantly increased root downward growth in a medium with
an osmotic gradient (root length of nhrl seedlings grown in this
medium were on average 12.5 mm and plus 10 UM ABA were
25.1 mm). On the other hand, WT roots germinated and treated
locally with ABA in this system were strongly gravitropic, albeit
they had almost no starch in amyloplasts of root cap columella
cells. Hydrotropically stimulated 747! roots, with or without ABA,
maintained starch in amyloplastas, as opposed to those of WT.
Therefore, the near-absence (WT) or abundant presence (nhrl) of
starch granules does not affect the extent of downward gravitropism
of roots in an osmotic gradient medium. Starch degradation in the
wt might participate in osmoregulation by which root cells maintain
turgor and consequently carry out hydrotropism, instead of reducing
gravity responsiveness. In fact, it was just recently published that
salt-induced rapid degradation of starch in amyloplasts is not likely
the main reason for a negative gravitropic response seen under
salt stress, because sos mutant roots of Arabidopsis showed nega-
tive gravitropic growth without any apparent rapid digestion of
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starch granules.” Additionally, the stems of overwintering tubers
of Potamaogeton pectinatus are capable of elongating much faster in
the absence than in the presence of oxygen for up to 14 days and
its stems has an enhanced capacity for gravitropic movements in
completely anoxic conditions.!® These authors hypothesized that
ABA and starch degradation in the starchy tuber sustained stem cell
elongation and cell division as well as differential growth required
for the gravitropic response in these aquatic plants. These data taken
together suggest that in conditions of anoxia, or water stress, ABA
and degradation of starch play a critical role in the ability to survive
relatively prolonged periods of unfavorable growth conditions.
These players are critical when water or minerals are scarce since
they regulate the enhancement of root downward growth. However,
since roots can trail humidity gradients in soil, they can modulate
their branching patterns (architecture) and thus respond to hydrot-
ropism once a water-rich patch is found. Then the response of plants
to gravity is principally one of nutrition (shoots to light, roots to
mineral and water) and consequently must be regulated according to
the long- and short-term environmental variables that occur during
the development of the plant.

Differential growth that occurs during the gravitropic and photo-
tropic response has been explained according to the Cholodny-Went
hypothesis, which states that the lateral transport of auxin across
stimulated plant tissues is responsible for the curvature response.!!
Analysis of hydrotropism in some Arabidopsis agravitropic auxin
transport mutants has demonstrated that these mutations do not
influence their hydrotropic response.# Furthermore, current pharma-
cological studies using inhibitors also indicated that both auxin influx
and efflux are not required for hydrotropic response whereas auxin
response is necessary for it.'2 These authors suggested a novel mecha-
nism for auxin in root hydrotropism. Here, we analyzed whether
asymmetric auxin distribution takes place across hydrotropically-
stimulated roots using transgenic plants carrying a responsive auxin
promoter (DR5) driving the expression of {-glucuronidase (GUS) or
green fluorescent protein (GFP)!314 in wt and nhri backgrounds.
Wt and 7nhrl roots hydrotropically stimulated in a system with air
moisture gradient® showed no asymmetric expression of the DR5::
GUS or DR5::GFP (Fig. 1A and B). Nonetheless, 7471 roots showed
a substantial decrease in the signal driven by the DR5::GUS and
GFP reporters in humidity saturated conditions (Fig. 1A, part b and
B, part b), which might indicate that auxin-induced gene expression
in the root cap was inhibited. It remains to be determined the signifi-
cance of this inhibition in the no hydrotropic response phenotype
displayed by nhrl roots. Determination of the DR5::GUS expres-
sion in wt and zArl roots growing in an osmotic gradient medium
for testing long-term hydrotropism revealed that the GUS signal was
to some extent diminished in both wt or in #Ar! roots (Fig. 2C and
D) compared to those roots growing in normal medium (Fig. 2A
and B). An inhibitor of auxin response reduced hydrotropism,!? and
also inhibited auxin-dependent DR5::GUS expression.!> However,
a decrease of DR5::GUS in wt root tips was not an impediment for
developing an hydrotropic response. On the other hand, nhrI roots
also showed a decrease of DR5::GUS expression (Fig. 2B and D) and
a complete absence of DR5::GFP (data not shown), which did not
influence the extent of downward root gravitropism in water deficit
conditions. Therefore, it is difficult to assign a role of auxin-induce
gene expression in hydrotropism and further studies are required

www.landesbioscience.com

Control

Hydrostimulated

Control

Hydrostimulated

Figure 1. DR5:: GUS (A) and DR5::GFP (B) activity in the wild type NHR1
and nhr1 backgrounds. (A) Root tips hydrostimulated in a system with air
moisture gradient (C and D) or grown in a saturated water conditions (A and
B) stained with T mM 5-bromo-4-chloro-3-indolyl3-D-glucuronic (X-Gluc) acid
buffer under the same conditions for 80 min. (B) Root tips hydrostimulated as
in (A) (C and D) or grown in a saturated water conditions (A and B) whose
green fluorescent signal was visualized by confocal microscopy. Shown are
images selected from at least 45 representative root fips. Bar = 29 um.

wit nhri

Figure 2. Expression of DR5:GUS in wild type NHR1 and nhrl back-
grounds. Roots were hydrotropically stimulated for 8 days in a medium with
an osmotic gradient (C and D) or grown in normal medium (A and B) and
stained with X-Gluc acid buffer under the same conditions for 80 min. Shown
are images selected from at least 50 representative root tips. Bar = 25 pm.

in order to unravel this issue. Furthermore, it needs to be resolved
whether these expression studies oppose the idea that gradients in
auxin precede differential growth in response to humidity gradients.
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Our studies’ revealed that ABA is a critical regulator of both root
gravitropism and hydrotropism in water deficit conditions, and that
the role of auxin under these conditions seems to differ from those
observed in several studies thus far published on gravitropism made
under well-water conditions. The molecular characterization of
NHRI1 and from other nhr-like mutants already isolated in our lab
will clarify the mechanisms involved in this fascinating tropism.'°
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