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When stimulated to bend downward by being held at 45 degrees off vertical but unable to penetrate into agar-based media,
Arabidopsis roots develop waving and looping growth patterns. Here, we demonstrate that ethylene modulates these
responses. We determined that agar-containing plates sealed with low-porosity film generate abiotic ethylene concentrations
of 0.1 to 0.3 pL L', whereas in plates wrapped with porous tape, ethylene remains at trace levels. We demonstrate that
exogenous ethylene at concentrations as low as a few nanoliters per liter modulates root waving, root growth direction, and
looping but through partly different mechanisms. Nutrients and Suc modify the effects of ethylene on root waving. Thus,
ethylene had little effect on temporal wave frequency when nutrients were omitted but reduced it significantly on
nutrient-supplemented agar. Suc masked the ethylene response. Ethylene consistently suppressed the normal tendency for
roots of Landsberg erecta to skew to the right as they grow against hard-agar surfaces and also generated righthanded petiole
twisting. Furthermore, ethylene suppressed root looping, a gravity-dependent growth response that was enhanced by high
nutrient and Suc availability. Our work demonstrates that cell file twisting is not essential for root waving or skewing to
occur. Differential flank growth accounted for both the extreme root waving on zero-nutrient plates and for root skewing.
Root twisting was nutrient-dependent and was thus strongly associated with the looping response. The possible role of

auxin transport in these responses and the involvement of circadian rhythms are discussed.

Plants, as sessile organisms, require flexible growth
responses to adapt to stressful conditions, including
stresses related to soil mechanical strength. To pen-
etrate soils, roots must displace or deform soil aggre-
gates. Even in the loosest soils, root tips experience
combinations of mechanical forces, one of which is
touch. Roots are very sensitive to touch, and thigmo-
morphogenic responses have been studied under a
variety of experimental systems ranging from exog-
enous applications of transient forces to gravity-
induced tests (e.g. Goss, 1977; Wilson et al., 1977;
Okada and Shimura, 1990; Legué et al., 1997). One
extensively studied morphological response is root
waving. Since Okada and Shimura (1990) first de-
scribed and attributed the wave-like growth in the
Landsberg erecta (Ler) ecotype of Arabidopsis to a
gravity-induced touch response, Simmons et al.
(1995) and Mullen et al. (1998) hypothesized that
gravity and/or circumnutation provided the stimuli.
Although phenotypes are well described at the
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whole-root level, the underlying cellular mechanisms
are not well understood. We recently discovered that
the gaseous environment within a petri plate could
override gravitational effects on root waving, al-
though the causal agent(s) remained unidentified
(Buer et al., 2000). Wrapping plates with a porous
material that allows gas exchange between the atmo-
sphere and the inside of the plate, as opposed to a
low-porosity material that inhibits gas exchange, pro-
duced remarkably different root phenotypes. These
phenotypes ranged from straight growth to waving
or looping depending on nutrient conditions. More-
over, plants growing in sealed plates developed in-
creased root hair densities, radial root expansion,
decreased root elongation, reduced leaf expansion,
and cotyledon epinasty, all phenomena associated
with ethylene exposure (Baskin and Williamson,
1992; Kieber et al., 1993; Masucci and Schiefelbein,
1994; Tanimoto et al., 1995, Smalle and van der
Straeten, 1997; Pitts et al., 1998). This led us to hy-
pothesize that ethylene signaling was involved in
controlling root waving and the morphological dif-
ferences observed between seedlings grown in aer-
ated and sealed plates. Ethylene gas regulates many
growth processes and stress responses in plants
(Mattoo and Suttle, 1991; Abeles et al., 1992). Many
morphological changes in impeded roots mimic
changes that occur during ethylene exposure (Masle,
2002). Ethylene is evolved during root mechanical
impedance (e.g. maize [Zea mays]; Kays et al., 1974;
Sarquis et al., 1991) and has been identified as one of
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the root signals causing reduced root and leaf elon-
gation in impeded tomato (Lycopersicon esculentuin)
plants (Hussain et al., 1999, 2000). Ethylene interac-
tions seem complex. Ethylene cross-talks with other
growth regulators (abscisic acid [Beaudoin et al.,
2000], auxin [Rahman et al., 2001], cytokinins [Cary et
al., 1995], and gibberellins [Ghassemian et al., 2000;
Rahman et al., 2000]) and is also involved in Suc
signaling (Zhou et al., 1998; Gibson, 2000).

We conducted experiments to test whether ethyl-
ene acts as a modulator of root waving and associ-
ated morphological responses in Arabidopsis. We
held the gravity vector constant and manipulated
exogenous ethylene concentrations around seedlings
growing on the surface of tilted agar plates. We
demonstrate that ethylene is a key factor in the con-
trol of morphogenetic responses in roots repetitively
challenged by a gravity-induced mechanical stimu-
lus. Furthermore, we show that ethylene effects on
root waving, root looping, cell file twisting, and dif-
ferential flank growth are modulated by Suc and
nutrient ion concentrations in the agar. Whether
these interactions entirely reflect a direct influence of
Suc and nutrients on ethylene signaling or also indi-
cate Suc and ionic effects on the physical properties
of the medium, including its surface characteristics,
remains to be established.

RESULTS

Agar-Containing Plates Evolve Significant
Levels of Ethylene

Gas chromatography was used to determine ethyl-
ene concentrations in the headspace of petri plates
wrapped with Nescofilm, a paraffin-based film (here-
after sealed plates) or with surgical tape (hereafter
aerated plates). Figure 1 shows these concentrations
over a 7-d period with d 1 corresponding to the 2nd
d after plate preparation and, for plates with seed-
lings, to the day when most seeds germinated. Aer-
ated plates containing plants had nearly undetectable
levels of ethylene. In sealed plates, however, ethylene
concentrations varied between 0.1 and 0.3 uL L.
Remarkably, these concentrations were not signifi-
cantly affected by the presence or absence of seed-
lings in the plate, demonstrating that the measured
ethylene was mostly of abiotic origin. Furthermore,
Figure 1 indicates that larger amounts of ethylene were
evolved in plates in which the agar was not supple-
mented with nutrients (zero nutrient plates). The addi-
tion of KMnO, crystals lowered the ethylene concen-
trations within sealed plates to 0.03 L L™" or less.

Exogenous Ethylene Reduces Root Elongation and
Increases the Amplitude and Spatial Frequency of
Root Waving

To test the influence of exogenous ethylene on root
morphogenesis and waving phenotypes, we directly
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Figure 1. Agar-containing petri dishes wrapped with low-porosity
film generate ethylene. Ethylene concentrations (microliters per liter)
measured using flame-ionization detector gas chromatography in the
headspace of 1.5% (w/v) Bacto-agar containing petri plates, tilted at
45° over 7 d. Treatments were: Murashige and Skoog nutrients and
3% (w/v) Suc (solid lines) or zero nutrients, zero Suc (dashed lines).
White symbols denote plates without seedlings and closed symbols
plates with seedlings. All plates were wrapped with Nescofilm
(sealed plates) except for data points represented by a black circle
corresponding to samples from aerated plates (wrapped with porous
surgical tape). Sealed plates containing KMnO, crystals (0.1 or
0.01 g) are represented by (A) and (<), respectively. Day 1 corre-
sponds to the day of germination. Error bars are st (n = 12).

manipulated ethylene concentrations within the plate
headspace. Our previous study showed ionic effects
on root waving and looping, suggesting ethylene:
nutrient interactions (Buer et al., 2000). Conventional
methods for blocking the action of ethylene or in-
creasing its production by adding chemical com-
pounds (e.g. silver ions or ethephon, which is ex-
tremely acidic) to the growth medium were therefore
avoided. Instead, we injected known volumes of eth-
ylene gas directly into culture chambers or oxidized
the ethylene evolved by the medium by enclosing
KMnO, crystals within the plates, taking care to keep
them out of contact with the agar and the seedlings.

Our earlier observations indicated there is a corre-
lation between root elongation rate, spatial density,
and amplitude of waving (Buer et al., 2000). To de-
termine the role of ethylene on waving, independent
of its effects on growth rate, we varied ethylene
concentrations across a range of nutrients and Suc
concentrations in the agar. This created a 4-fold vari-
ation in the average root elongation rate over 7 d. We
quantified these effects by comparing temporal wave
frequency (waves per day), spatial wave frequency
(number of waves per millimeter of root, which in-
tegrates variations in wavelength and wave ampli-
tude), root axis angle (the overall deviation from the
vertical axis, to the right or to the left when viewing
the seedling from the cotyledon to the root tip), and
the incidence of looping roots (percentage of roots
forming a complete loop per plate). Controls (not
shown) included zero ethylene injection and zero
KMnO, addition under all conditions.
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Manipulating exogenous ethylene concentrations
caused a wide range of root-waving and morphoge-
netic phenotypes, shown pictorially in Figure 2 and
quantitatively in Figure 3. Ethylene increased root
hair density and root diameter (45% and 27%, respec-
tively, under zero nutrient conditions [Fig. 2, A-D]).
It stimulated cotyledon epinasty (Fig. 2, E, F, K, and
L) and reduced seedling growth (Figs. 2, E-H and
I-O, and 3A). Ethylene increased the tightness of root
bending regardless of nutrient supplementation (Fig.
2) and, under zero nutrient conditions, it dramati-
cally increased the spatial frequency of root waving
(Fig. 3B). These data unambiguously demonstrate a
role for ethylene in the modulation of root waving on
a spatial scale.

Zero Salts; Zero Sucrose

OS Salts; Zero Sucrose

Figure 2. Ethylene affects root-waving patterns. Representative root
phenotypes of Arabidopsis Ler growing on 1.5% (w/v) Bacto-agar
plates tilted at 45° and exposed to varying ethylene concentrations.
A through H, Zero nutrient salts without added Suc; | through O,
Okada and Shimura salts without added Suc. A through D, Compos-
ite micrographs of roots in an aerated plate (A) or sealed plates with
0.1 g KMnO, (B), 0.01 g KMnO, (C), or no KMnO, (D). E through O,
Scans of whole seedlings grown in aerated plates injected with
ethylene to final concentrations of 1T uL L™ (Eand L), 0.1 uL L™' (F
and M), 0.01 wL L' (G and N), or 0.001 wL L™" (H and O) or in
sealed plates containing KMnO, to oxidize ethylene (0.1 g [I], 0.01 g
U1, and 0 g [K]). Increasing and decreasing ethylene levels are
indicated by the black triangles. All images represent roots as they
appeared viewed from above the plate. Scale bars in A through D =
1 mm, in E through O = 1 cm.
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Figure 3. Root growth responses to ethylene differ in the presence of
nutrient supplements. A, Quantitative assessment of the root-wave
phenotypes on zero nutrient salts (black bars) and Okada and
Shimura salts (hatched bars). The black and hatched bar measure-
ments represent values averaged over the entire root, whereas the
white bars (B and C) describe values calculated over the portion of
the root where regular waving was occurring with little variation in
periodicity. The triangle above the panels indicates variations in
ethylene concentrations. Abscissae conditions are: 1, aerated plates;
2 to 4, sealed plates with 0.1, 0.01, and 0 g KMnO,, crystals, respec-
tively; 5 to 8, data from aerated plates exposed to ethylene concen-
trations of T wL L™ (5), 0.1 wL L™ (6), 0.01 L L™ " (7), and 0.001 ulL
L' (8). The dashed line in D indicates vertical root elongation (0°);
positive angles describe righthanded deviation of the root axis from the
vertical when roots are viewed downwards from the base of the
hypocotyl to the root tip. Bars are the mean of at least 50 pooled roots
from at least six replicated plates. Error bars are the k.
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Ethylene Modulates the Temporal Frequency of Root
Waving in a Nutrient-Dependent Manner

The data in Figure 3 indicated an inverse correla-
tion between the effects of ethylene on root elonga-
tion rate and on the spatial frequency of waving
(compare trends in Fig. 3, A and B). Figure 4 depicts
the overall quantitative relationship between the two
parameters, across the range of nutrients, Suc, and
ethylene concentrations analyzed in this study. The
individual values recorded for all treatments fell
along a common curve, with the number of waves
per unit root length decaying exponentially as roots
elongated faster, either because nutrients were added
to the medium, or because ethylene concentrations
around the seedlings were lowered. Therefore, to
determine whether ethylene had direct effects on the
signaling of waving in roots, independent of growth
effects, we examined the rhythm of waving (Fig. 3C).
Waving frequency was calculated on a temporal ba-
sis (number of waves per unit of time). On zero
nutrient plates, waves were produced at a frequency
of about one wave per day (Fig. 3C, black bar). Wave
production was little affected by variations in ethyl-
ene concentrations, except at the highest concentra-
tion of 1 uL L™, which generated an approximately
25% lower waving frequency (Fig. 3C, black bar,

-
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Figure 4. Spatial wave frequency (number of waves per unit root
length) depends on root elongation rate (mm h™') and ethylene
exposure. Values on the x and y axes describe averages over the 7 d
after germination. All plates were tilted at a 45° slope from the
vertical. Growth was on 1.5% (w/v) Bacto-agar without or with
nutrient supplements (Murashige and Skoog salts or Okada and
Shimura salts). The dashed line across each set of data separates
sealed versus aerated plates. The equation for the exponential fit of
all data is y = 0.16 + 1.6e?°%, R = 0.84, and x> = 0.0097.
Representative phenotypes across the range of conditions are shown,
all viewed from above the plate: A, zero salts, 0% (w/v) Suc, and
sealed plate; B, zero salts, 0% Suc, and aerated plate; C, Okada
and Shimura salts, 0% (w/v) Suc, and sealed plate; and D, Okada
and Shimura salts, 0% (w/v) Suc, and aerated plate. The scale bar =
5 mm.

1088

treatment 5). In contrast, on Okada and Shimura-
supplemented plates, exposure to 1 uL L™! ethylene
reduced the wave frequency almost 3-fold in com-
parison with wave frequencies detected at the lowest
ethylene levels (Fig. 3C, hatched bar). On Murashige
and Skoog-supplemented agar, the wave frequency
was approximately halved in sealed plates (0.1-0.3
nL L™ ethylene) compared with aerated plates (trace
ethylene levels; data not shown). This demonstrates
that ethylene can directly modulate the rhythm of
root waving but that the extent of modulation is
nutrient dependent.

Ethylene Suppresses the Rightward Skewing of
Roots, and This Correlates Strongly with Its Inhibition
of Root Elongation

Ethylene reduced the characteristic righthanded
skewing of roots of the Ler ecotype (e.g. Fig. 2, N and
O). This was observed on both nutrient-deprived and
-supplemented plates (Fig. 3D), with a greater than
10° lefthanded shift (i.e. toward the vertical) in the
root axis angle as ethylene concentrations increased
from 1 nL L™ " to 1 uLL L™". This suppression of root
skewing was correlated with the inhibition of root
elongation rate by ethylene (Fig. 3, compare A and
D).

Suc Influences the Waving, Skewing, and Looping
Responses of Arabidopsis Roots, and These Effects Are
Nutrient and Ethylene Dependent

There is compelling evidence for a direct role for
nutrient ions, especially nitrogen (for review, see
Forde, 2001) and Suc (e.g. Koch, 1996, Smeekens,
2000), on gene expression and the signaling of stress
to roots. We therefore compared growth responses
with either 0% or 3% (w/v) Suc in the agar, in sealed
and aerated plates, and with or without supplement-
ing the media with one of two defined nutrient for-
mulations (Murashige and Skoog [1962] or Okada
and Shimura [1990]), chosen for their wide use in
Arabidopsis studies. The results of these compari-
sons are described in Figures 5 and 6. Suc had
marked but complex effects on root phenotypes. The
root-waving response to Suc was generally similar in
aerated and sealed plates but varied considerably
according to the availability and composition of nu-
trients (Fig. 5, A, D, and G). On zero nutrient plates,
Suc consistently decreased the frequency of root
waving, from about 1 wave per day without Suc to
0.5 waves per day with 3% (w/v) Suc added (Fig.
5G). In presence of Okada and Shimura nutrients,
however, Suc addition increased temporal wave fre-
quency (Fig. 5D), but on Murashige and Skoog nu-
trients, Suc had no clear effect on the rate of root
waving (Fig. 5A).

Ethylene clearly influenced the effects of Suc on
root skewing (Fig. 5, C, F, and I). In sealed plates

Plant Physiol. Vol. 132, 2003
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Figure 5. Suc and nutrient supplements affect growth responses to ethylene. Temporal wave frequency, average root
elongation rate over the 7-d period following germination and average root axis angle on d 7 are shown for Ler seedlings
grown on 1.5% (w/v) Bacto-agar supplemented with Murashige and Skoog salts (A-C), with Okada and Shimura salts (D-F),
or under zero nutrients (G-I), in aerated or sealed plates. For each category of plates, data are shown for 0% (w/v) Suc (solid
bars) or with 3% (w/v) Suc added (open bars). The dashed lines in graphs C, F, and I indicate vertical root elongation (0°),
and positive angles describe righthanded skewing when seedlings are viewed from the cotyledon downwards to the root tip.
Bars are the mean of at least 25 pooled roots from at least six replicated plates. Error bars are the sE.

(0.1-0.3 uL L1 ethylene), Suc addition did not alter
root skewing. In the ethylene-free (aerated) plates,
however, Suc caused roots to skew further to the
right when nutrients were supplied (Fig. 5, C and F)
and caused an opposite shift i.e. toward the vertical
on zero-nutrient plates. Interestingly, these shifts in
root axis angle with increasing Suc concentration
were not always correlated with Suc effects on root
elongation rate (compare Fig. 5, B and C), showing
that the two parameters are not intrinsically linked.

Suc Stimulates Looping, and Ethylene Suppresses That
Response

The frequency of looping was plotted against eth-
ylene concentrations for all conditions under which it
was recorded (Fig. 6). Manipulating Suc and nutrient
concentrations in the agar within both aerated and
sealed plates revealed their role and interactions with
ethylene in the signaling of root looping. Suc pro-
moted root looping, but ethylene overrode these ef-
fects. Looping was rarely observed on zero-nutrient
plates (Fig. 6, ~0 uL L™ on x axis) even after Suc
addition. In fact, the most obvious Suc effect on
zero-nutrient plates was a decrease in seed germina-
tion and retarded seedling development (data not

Plant Physiol. Vol. 132, 2003

shown). In ethylene-free plates supplemented with
Murashige and Skoog or Okada and Shimura nutri-
ents, adding Suc caused a majority of roots to de-
scribe a complete circular clockwise loop before pen-
etrating the semisolid medium (Fig. 6, A and C). On
Okada and Shimura medium, looping was observed
on 3% (w/v) Suc only and occurred after a lag of
about 2 d (Fig. 6C) whereas looping occurred sooner
on Murashige and Skoog nutrients supplemented
with Suc. Increasing ethylene concentrations reduced
the incidence of looping and at 0.2 pL L™', sup-
pressed looping almost completely (Fig. 6). This
trend, however, was reversed on Murashige and Sk-
oog salts at the highest ethylene concentration of 1
L L™ Under these conditions, approximately 20%
of roots looped, although the direction was anticlock-
wise and occurred after a time lag (Fig. 6B).

Root Waving and Skewing Do Not Depend on Cell
File Twisting

Previous studies have consistently reported cell file
twisting in roots that either wave or skew across
tilted agar plates. To determine whether root twisting
is an essential component of root-waving, -skewing,
and -looping phenotypes, cryo-stage scanning elec-
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Figure 6. Suc stimulates root looping, and eth- 100
ylene overrides this effect. Looping was always Ms,
clockwise (CW, viewed from above the plate) 3% suc—
except when stated otherwise (i.e. ACW, anti-
clockwise). Insets, Representative scans of seed- —_ 80
lings in an aerated plate on 1.5% (w/v) Bacto- °\° 0§,
agar supplemented with Murashige and Skoog- s 3% sue
nutrient salts and 3% (w/v) Suc (A); the same E
conditions except exposure to 1 uL L~ ethylene 8 60°
(B), or grown on Okada and Shimura nutrient o
salts and 3% (w/v) Suc, in an aerated plate (C). o
The bars are ses for at least 50 pooled samples £ 40-
from six replicates. The scale bar = 1 cm. o
o Ms,
3 0suc
207 zero,
3% suc\
0s,
O_Osuc"--; —————— _———.—-- x
Aerated Aerated Sealed Aerated Sealed Aerated Sealed Aerated
0.1 g KMnO, 0.01 g KMnO

tron micrographs were taken of roots grown under
the various conditions described in this study. Under
zero-nutrient conditions, no cell file rotation could be
detected in wavy roots irrespective of plate aeration
and Suc concentration (Fig. 7, A-D). Roots growing
on nutrient-supplemented agar often showed alter-
nating lefthanded and righthanded twisting of epi-
dermal cell files according to the direction of root
elongation, (Fig. 7, E and G). This was not always the
case, however, as exemplified in Figure 7F, even in
roots that traversed across the agar surface while
continuing to wave (Fig. 8). All looping roots were
characterized by pronounced cell file twisting (Fig.
7H); that twisting was always lefthanded in clock-
wise loops. Interestingly, in sealed plates or plates in
which high concentrations of ethylene were injected
(1 uL L™7), a slight righthanded cell file twisting was
visible on petioles (Fig. 7I). No such response could
be detected in aerated plates (Fig. 7]) nor in any of the
plates from which nutrients had been omitted (not
shown).

Interactive Effects of Ethylene and Auxin
Transport Inhibition

The above results demonstrated the involvement of
differential flank growth in root waving, especially in
roots in which cell file rotation could not be detected.
To explore the possibility that this could be caused by
changes in auxin distribution, we examined the in-
fluence of the polar auxin transport inhibitor 1-N-
naphthylphthalamic acid (NPA; Lomax et al., 1995)
on root waving and looping. Results are shown in
Supplementary Figure 1 (supplementary data can be
viewed at http://www.plantphysiol.org) for roots
grown on zero nutrient agar (Supplementary Fig. 1,
A-D) or on Murashige and Skoog nutrient-supple-
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mented agar (Supplementary Fig. 1, E-H). Under
ethylene-accumulating conditions, auxin transport
inhibition by NPA caused slower root elongation but
had no clear effects on the periodicity of waving (Sup-
plementary Fig. 1, B and F compared with A and E)
and only occasionally induced a reduced gravity re-
sponse (Supplementary Fig. 1F). For aerated plates,
however, where ethylene gas was hardly detectable,
similar additions of NPA had marked effects on root
gravitropism (Supplementary Fig. 1, D and H), pro-
moting root looping and at higher doses, causing roots
to elongate in random, unpredictable directions.

DISCUSSION

Exogenous Ethylene Modulates Root Tropisms
and Can Override Effects of Gravity-Induced
Mechanical Stimulus

Roots growing in soil face complex conditions.
They are continuously exposed to gravity, encounter
mechanical forces that constrain their growth, and
experience unpredictable changes in nutrient, car-
bon, and water availability. The aim of this work was
to uncouple and create controlled variations of these
parameters to assess their role in root morphogene-
sis. Our specific goal was to determine how ethylene
affects the movement of Arabidopsis roots, which
include waving or looping and, in the Ler ecotype, a
tendency to skew to the right as they elongate along
a hard agar surface. The possibility that ethylene was
involved arose from our recent observations (Buer et
al., 2000) that these responses, although widely at-
tributed to a gravity-induced mechanical stimulus,
could be overridden by complex interactions be-
tween the gaseous environment of the seedlings
within plates and the chemical and structural prop-
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Figure 7. Waving does not require cell file twisting. Cryo-stage scanning electron micrographs show Ler roots grown on
various nutrient salt concentrations and plate aeration. All roots were grown in 1.5% (w/v) Bacto-agar tilted plates (45° angle
from the vertical). Treatments are: A and B, zero salts, 0% (w/v) Suc, and sealed plates; C and D, zero salts, 0% (w/v) Suc,
and aerated plates; E, Okada and Shimura salts, 0% (w/v) Suc, and sealed plates; F and G, Okada and Shimura salts, 3% (w/v)
Suc, and sealed plates; H, cell file twisting in a looping root on Murashige and Skoog salts, 3% (w/v) Suc, and aerated plates;
I, righthanded twisting in petioles on Okada and Shimura salts, 3% (w/v) Suc, and sealed plates; ], the absence of twisting
in petioles of Okada and Shimura seedlings grown on 3% (w/v) Suc, and aerated plates. The petiole phenotypes for the other
media formulations were similar (i.e. showed no twisting) irrespective of Suc or nutrients addition. Scale bars in A through

G = 100 um, in | through J = 1 mm.

erties of the growth medium. In the experiments
described here, we directly varied ethylene concen-
trations while keeping the culture plates at a constant
45° slope from the vertical. We show for the first time
that ethylene modulates the waving, looping, and
skewing phenotypes that are characteristic of Arabi-
dopsis roots challenged with an impenetrable agar
barrier during gravistimulated downward bending
(Buer et al., 2000; Migliaccio and Piconese, 2001). We
also show that ethylene can induce righthanded pet-
iole twisting. Nevertheless, our analysis indicates
that root waving and skewing are not wholly depen-
dent on organ twisting and can, under certain con-
ditions, be accomplished by differential flank
growth.

Our experiments demonstrate that the buildup of
ethylene in sealed plates can account for the differ-
ences in root phenotypes we reported earlier (Buer et
al., 2000). From the quantitative changes measured in
aerated plates upon addition of known amounts of
ethylene, it can be inferred that the ethylene concen-
trations in the headspace of sealed plates were be-
tween 0.1 and 1 pL L™". Using gas chromatography,
we determined that within 2 d of the agar-containing
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plates being sealed with low-porosity film, signifi-
cant ethylene levels are detectable within the head-
space, with maximum values of 0.2 to 0.3 pL L!
being reached on d 5, consistent with the above esti-
mates. There have been reports of ethylene evolution
by impeded roots (Kays et al., 1974; Sarquis et al.,
1991). Remarkably, however, the ethylene buildup
measured in our experiments was not significantly
affected by the presence or absence of seedlings (Fig.
1), demonstrating that it was mostly of abiotic origin.
Because ethylene was undetectable in empty sealed
plates (data not shown), we conclude that roots were
affected by ethylene evolved from the agar itself
rather than from the sealing film or the plate walls
(Mensuali-Sodi et al., 1992) and that the reactions
involved were influenced by the agar ionic content
(Fig. 1). Beyond its role in the present experiments,
these results suggest that ethylene is likely to be a
frequent confounding factor in the interpretation of
in vitro experiments with Arabidopsis, at least when
agar is used as a gelling agent within sealed plates.

By injecting ethylene into the headspace of aerated
plates, or by oxidizing the ethylene evolved in sealed
plates with KMnO,, we obtained reversion of root
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Growth direction
20° from vertical

. OS-nutrient salts, zero sucrose,
aerated plate (<0.01 pL L' ethylene)

Figure 8. Skewing does not require cell file twisting. A composite
cryo-stage scanning electron micrograph of a typical waving root
skewing across the agar surface. The root was grown on 1.5% (w/v)
Bacto-agar, Okada and Shimura salts, 0% (w/v) Suc, and aerated
plates. Note that cell file twisting is mostly absent and limited to the
inception of a change in direction. The arrows indicate the gravity
vector and 20° from vertical for the growth direction. Scale bar =
200 pm.

phenotypes, between straight growth and waving or
looping or between vertical growth and skewing,
despite no change in gravity or mechanical stimulus
to the growing root tip. These effects occurred across
a range of ethylene concentrations, from a few nano-
liters per liter to about 100 nL L™'. Previous obser-
vations that ethylene causes roots to coil (Ipomoea
pentaphylla [Vyas et al., 1973] and tomato [Woods et
al., 1984]), or to inconsistently undulate (bean
[Phaseolus vulgaris] and pea [Pisum sativum; Goeschl
and Kays, 1975]) are likely to relate to the phenomena
we have identified, although these earlier studies
used much higher ethylene concentrations. Similarly,
Burg and Kang (1993) used 100 uL L' ethylene to
revert the gravitropic response of pea stems. Recent
reports, however, have revealed significant ethylene
effects on hypocotyl growth (Arabidopsis [Larsen
and Chang, 2001]) or gravitropic curvature (tomato
[Madlung et al.,, 1999] and Arabidopsis [Lu et al.,
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2002]) in the range of low concentrations shown in
our study to affect root elongation rates and tro-
pisms. The role of ethylene that we demonstrate in
the present experiments adds to the mounting evi-
dence that this hormone mediates local and systemic
responses to physical stresses in general (Jaffe and
Forbes, 1993; Botella et al., 1995; Jaffe et al., 2002), in
both leaves and roots.

Evidence for Interactions between Ethylene-,
Sugar-, and Nitrogen-Signaling Pathways in the
Control of Root Waving and Root Looping

Root waving, looping, and skewing all respond to
ethylene but in different ways. Ethylene corrects for
the ecotype-specific righthanded skewing of roots
across the agar surface and does this consistently
across a range of nutrient and Suc conditions. In
contrast, the inhibitory effect of ethylene on root
looping requires both Suc and nutrients. Root-
waving responses to ethylene are more complex. Eth-
ylene generally promotes dense waving (Figs. 2 and
3) but partly through a reduction on root elongation
rates. When these effects are accounted for, and tem-
poral waving frequencies are examined, complex in-
teractions are revealed between ethylene, Suc con-
centration, nutrient availability, and composition
(Figs. 3 and 5). Ethylene slows down waving in the
presence of nutrients while having little effect in their
absence (Figs. 3 and 5). Suc addition reduced this
response or completely overrode it (Murashige and
Skoog medium and Okada and Shimura medium,
respectively). These observations demonstrate for the
first time an antagonism between ethylene and Suc in
the control of the root waving and looping pheno-
types and add to the increasing evidence for cross-
talk between the ethylene- and Suc-signaling cas-
cades. Furthermore, they indicate that this ethylene:
Suc antagonism is nutrient dependent. Recent studies
of sugar-insensitive mutants indicate that a sugar:
ethylene antagonism also operates in cotyledons and
shoots for the control of many developmental transi-
tions (Zhou et al., 1998; Gibson, 2000). A number
of stress-related genes are induced by sugars
(Smeekens, 2000). Conversely, many sugar response
mutants have altered responses to phytohormones
(Sheen et al., 1999), suggesting that genes involved
in sugar sensing and signaling could be part of a
stress-response network and act in the same path-
ways as ethylene-regulated genes or in convergent
pathways (e.g. Gibson, 2000; Smeekens, 2000).

The observed interactions between ethylene and
nutrient ions in modulating root waving and looping
constitute a novel finding. Whether nutrients act di-
rectly on the ethylene-signaling cascade and/or indi-
rectly by changing the chemical and mechanical
properties of the agar and the amounts of ethylene it
releases (Fig. 1) needs to be established. Further ex-
periments are also required to ascertain which ions
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are involved. The observed differences between roots
grown on Murashige and Skoog or Okada and
Shimura media, however, suggest nitrogen ions may
be the key element. The two media differ in compo-
sition, notably in their nitrogen contents. The Okada
and Shimura formulation is low in nitrate (4.5 mm)
and contains no ammonium ions (Somerville and
Ogren, 1982), whereas the Murashige and Skoog for-
mulation (Murashige and Skoog, 1962) is rich in both
nitrate and ammonium (39.6 and 20.6 mmM, respec-
tively). These differences alter the balance between
Suc and nitrogen with likely effects on the Suc:ethyl-
ene signaling operating in our experiments. Recent
studies have demonstrated the role of C-N balance
on root morphogenesis (Malamy and Ryan, 2001;
Kaiser et al., 2002; Martin et al., 2002), and there is
mounting evidence for intimate interactions between
carbon, nitrogen, and the major plant hormones (e.g.
Sheen et al., 1999). Besides nitrogen, micronutrients
such as copper, which is a cofactor for ethylene bind-
ing (Rodriguez et al., 1999), could also be involved.

Root Waving, Skewing, and Looping Can Be
Uncoupled and Do Not Necessarily Involve Cell
File Twisting

It was recently proposed that root-waving and
-skewing patterns in Arabidopsis roots are both the
consequence of the intrinsic root righthandedness
and pronounced chirality seen in certain ecotypes
(Migliaccio and Piconese, 2001). According to this
unifying theory, when free to elongate in air, the root
tip follows a righthanded helical path. If grown on
tilted hard-agar plates, the root tip hits the flat agar
surface each time it describes a half circle. This causes
a “negative” thigmotropic reaction in which the root
tip switches direction and starts describing a half
circle in the opposite direction until it hits the agar
again, and so on. Migliaccio and Piconese (2001)
suggest this explains “the sinusoidal and slanting
pattern of Arabidopsis roots” and also the lefthanded
cell file twisting that would be required to allow
flattening of the righthanded root helix against the
agar surface. Several features of our results suggest a
more complex picture: (a) Our data demonstrate that
waving does not necessarily cause skewing. In fact,
the tightest waves were observed in roots growing
with no net angular deviation from the vertical (Fig.
2), and the portions of roots with most pronounced
twisting were generally those where the temporal
frequency of waving was lower. (b) Furthermore, we
show that the waving, skewing, and also looping
phenotypes are not intrinsically linked and can be
uncoupled. (c) In our experiments, cell file rotation
(twisting) was unnecessary for waving or skewing to
occur. An obvious lefthanded cell file twisting was
seen in clockwise-looping roots as previously reported
(Okada and Shimura, 1990; Simmons et al., 1995; Sed-
brook et al., 2002), but in many of our waving roots
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twisting could not be detected and root cell files re-
mained parallel, even when skewing (Fig. 8).

Overall, these results lead to the conclusion that
root waving and skewing may result from two cate-
gories of processes driven by partly separate mecha-
nisms: twisting and differential flank growth. Differ-
ential flank growth was clearly sufficient to drive
waving and skewing in zero nutrient plates and on
Okada and Shimura medium free of Suc, whereas
some amount of root twisting may assist bending
under nutrient- and Suc-supplemented conditions.
Ethylene has been shown to influence cell wall ex-
tensibility (Smalle et al., 1997), directly or via inter-
actions with auxins. Whether the exaggerated twist-
ing phenotypes seen especially with Murashige and
Skoog nutrients and added Suc are generated by
unequal cell elongation in the epidermis and cortex
as observed by Furutani et al. (2000) for the right-
twisting sprl mutant remains to be ascertained. Sev-
eral recent studies have linked twisting phenotypes
to the organization of cortical microtubules, with the
righthanded spiral mutants (Furutani et al., 2000), the
lefthanded twist-inducing mor1 (Whittington et al.,
2001), lefty (Thitamadee et al., 2002), and wvd2-1
(Yuen et al., 2003) mutants all having abnormal mi-
crotubule patterns. Immunostaining microtubules in
waving roots, however, failed to show any obvious
differences in microtubule organization associated
with the growth responses observed in our study
(data not shown). Other recent studies also failed to
show a link between twisting and microtubule orga-
nization (sku5; Sedbrook et al., 2002). Moreover, in
relation to its involvement in many root growth re-
sponses including polar auxin transport (Muday and
DeLong, 2001; Friml et al., 2002), the actin cytoskeleton
is also likely to be involved (maize; Hasenstein et al.,
1999; Yoder et al., 2001; for review, see Kiss, 2000).

Under conditions that enhanced skewing and loop-
ing responses (nutrient and Suc supplements), there
was a clear bias for lefthanded helical twisting of
roots. In those conditions, ethylene diminished, abol-
ished, or even reversed looping and skewing and
also generated righthanded twisting of petioles. One
possible interpretation of these observations is that
ethylene’s modulation of looping and skewing is in
fact a stimulation of righthanded twisting rather than
a moderation of the nutrient and Suc-stimulated
lefthanded twisting. If so, however, one would ex-
pect to see righthanded twisting in roots grown on
zero-nutrient plates, which was not the case. One
cannot therefore here separate between a direct
ethylene signaling on root twisting or an indirect
signaling, via effects on nutrient and Suc signaling
pathways.

A Circadian Clock in the Temporal Control of
Root Waving?

Our data suggest an endogenous circadian rhythm
is involved in root waving, especially in the differ-
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ential flank growth component. On zero-nutrient
plates, where the most pronounced waving occurred
in the absence of cell file twisting, the periodicity of
waving was remarkably stable over a wide range of
ethylene concentrations (Fig. 3C) and root elongation
rates (Fig. 3A). A new wave was formed approxi-
mately every 24 h in the absence of photoperiodic
clues, as seedlings were grown under continuous
light. The expression of this free-running rhythm
appears to depend on complex nutrient:Suc interac-
tions (Fig. 5) with Suc addition causing a dramatic
decrease in the wave period in the presence of nutri-
ents, but a marked increase in period when nutrient
supplements were omitted. Such interactions are
consistent with increasing evidence for the involve-
ment of circadian clocks in the control of ethylene,
nitrogen, and sugar signaling (McClung, 2001),
which our study demonstrates influences root wav-
ing. The present study sets the foundation for future
experiments in which the proposed endogenous free-
running rhythm can be confirmed and the mecha-
nisms by which it may be modified by environmental
cues can be investigated.

MATERIALS AND METHODS
Plant Culture

Arabidopsis (ecotype Ler) seeds were surface-sterilized and sown on
petri plates (¢ = 9 cm, polystyrene) at 8-mm intervals in two rows 2.5 cm
apart onto the medium surface polymerized with 1.5% (w/v) Bacto-agar
(Difco Laboratories, Detroit). The medium contained no nutrient supple-
ments (“zero nutrient” plates) or was supplemented with Murashige and
Skoog basal salts (M-056 and M-052, Sigma-Aldrich, St. Louis) or the salt
formulation used by Okada and Shimura (1990; 0.5X as listed by Somerville
and Ogren [1982]). For Suc treatments, no Suc or 3% (w/v) was used.
Vitamins (M-6896, Sigma-Aldrich) were added in Murashige and Skoog
plates at the recommended level. MES (0.05%, w/v) was added to all media
as a buffer and the pH was adjusted to 5.7 with 1 N NaOH before adding the
gelling agent and autoclaving.

The plates were wrapped with a low-porosity paraffin-based film similar
to Parafilm (Nescofilm, Azwell Inc., Osaka; labeled “sealed plates”) or with
gas permeable surgical tape (Micropore, 3M Health Care, St. Paul; labeled
“aerated”). In all experiments, plates were placed in a growth chamber
(Conviron, Controlled Environments, Pembina, ND) fitted with cool-white
fluorescent tubes and incandescent bulbs providing 100 umol quanta m ™2
s~ ! continuous light and maintained at 21°C temperature and 80% relative
humidity. The plates were placed in racks where they were maintained at a
45° angle between the root growth axis and the gravity vector.

Ethylene Manipulation

The growth racks were either open and in direct contact with the cham-
ber atmosphere or were enclosed in sealed Perspex boxes (i.d. 115 X 125 X
275 mm, volume ~ 4 L) where the ethylene concentrations around the plates
could be varied over a desired range and maintained as constant as possible.
Ethylene (chemically pure 99.5%, BOC Gases, Sydney) was injected through
a Suba-Seal fitting (no. 33, 2 cm diameter) every 24 h after opening the boxes
to equilibrate them to ambient air. The box lids were fitted with a mixing fan
(model FP-108 HX/DC, 0.08 A, 12V, 4 X 4 X 1 cm, Jaycar, Concord,
Australia) to eliminate ethylene pooling above the petri plates. The box lids
were sealed with a thin layer of silicon grease. Four ethylene concentrations
around the plates were tested: 0.001, 0.01, 0.1, and 1 uL L™". The irradiance
and temperature measured inside the boxes were similar to those in the
chamber. To vary the ethylene concentrations within sealed plates, potas-
sium permanganate crystals, which oxidize ethylene gas to ethylene glycol
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and MnO, (Kays et al., 1974; Abeles et al.,, 1992; Jackson et al., 1991;
Morrison and Boyd, 1992), were used. Lightly ground crystals (0.1, 0.01, or
0 g, depending on plates) were dispensed at sowing in a tiny sterile
container fitted in each plate after pouring the medium. The container was
open to the plate headspace but prevented direct contact between the
KMnOj crystals, the agar, or the seedlings.

Gas Chromatography

Ethylene concentrations in the plate headspace (zero nutrient plates and
a subset of Murashige and Skoog plates) were quantified using a flame-
ionization detector gas chromatograph (Series 15, Dohrmann Envirotech,
Santa Clara, CA). A standard curve was developed using serially diluted
C,H, gas. A 1-mL aliquot of plate headspace gases was sampled (through a
small hole drilled into the plate’s sidewall before pouring media) using a
1-mL syringe and was immediately injected into the gas chromatograph.
Measurements were made on the day of germination (d 1), the 2nd d after
germination (d 3), and subsequent days until d 7.

Auxin Transport

NPA was solubilized under alkaline conditions with 1 N NaOH. Aliquots
from a sterile-filtered stock solution were added to still molten autoclaved
Bacto-agar solutions (final concentrations of 0.1 or 1 um).

Morphometric Measurements and Data Acquisition

Seedling morphometric measurements were made from Adobe Photo-
Shop images (600 pixels inch™'; Adobe Systems, Mountain View, CA)
captured 7 d after germination by scanning the individual plates on a
flatbed scanner. Photomontages of roots were assembled from captured
video images (microscope: Diaphot-TMD with a 4X objective, Nikon, To-
kyo; black and white camera: SPT M102 CE, Sony, Tokyo) using Scion Frame
Grabber (National Institutes of Health, Bethesda, MD). Quantification of
root length (distance from base of hypocotyl to root tip), wavelength (dis-
tance along root axis between the crests of two successive waves), wave
spatial frequency (number of waves per mm of root length), and root axis
angle (angle at which a root grew across the agar surface, where vertically
down the plate is 0°, toward the right is >0° and toward the left is <0° when
viewing the root from above the plate) were measured using the National
Institutes of Health Scion Image software program (Windows vBeta 3b;
http://www.scioncorp.com). The average root axis angle was measured by
tracing the root in the segmented line mode, avoiding those portions of roots
that were looping or had penetrated into the medium. Average root elonga-
tion was calculated from the increase in root length between d 1 and 7 after
germination, and the average temporal wave frequency (number of waves per
h) was calculated as the product of elongation rate and spatial wave fre-
quency. All experiments included three replicated plates for each individual
treatment (defined by nutrient, Suc, NPA supplements, ethylene injections, or
amount of KMnO, crystals placed in the plate), and experiments were inde-
pendently repeated at least twice. Seedlings were observed over the 7-d
period beyond germination, which usually occurred 2 d after plating.

Scanning Electron Microscopy

Scanning electron microscopy micrographs were generated using a Cam-
bridge StereoScan 360 scanning electron microscope equipped with a cryo-
stage. Seedlings were removed from the petri plate, glued to a stub, imme-
diately immersed in liquid nitrogen slush, inserted into the microscope
vacuum chamber, etched, gold coated, and photographed at 15 or 20 kV.
Composite micrographs were assembled with MicroSoft PowerPoint soft-
ware (Microsoft, Redmond, WA) and exported as TIFF files.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or
parts of the material. Obtaining any permission will be the responsibility of
the requestor.
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