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Rice (Oryza sativa) is a semiaquatic plant that is well adapted to partial flooding. Rice stems develop adventitious root (AR)
primordia at each node that slowly mature but emerge only when the plant gets flooded, leading to the formation of a whole
new secondary root system upon flooding. AR growth is induced by ethylene that accumulates in submerged plant tissues due
to its lowered diffusion rate in water. Here, we report that the architecture of the secondary root system in flooded rice plants is
controlled not only by altered gas diffusion but also by gravity and light. While ethylene promotes the emergence and growth of
ARs, gravity and light determine their gravitropic setpoint angle (i.e. the deviation of growth direction relative to vertical). ARs
grow upward at about 120° in the dark and downward at 54° in the light. The upward growth direction is conserved in indica
and japonica rice varieties, suggestive of a conserved trait in rice. Experiments with a klinostat and with inverted stem orientation
revealed that gravity promotes upward growth by about 10°. Red, far-red, and blue light lead to negative phototropism in a
dose-dependent manner, with blue light being most effective, indicating that phytochrome and blue light signaling control AR
system architecture. The cpt1 (coleoptile phototropism1) mutant, which lacks one of the phototropin-interacting CPT proteins,
shows reduced sensitivity to blue light. Hence, the gravitropic setpoint angle of rice ARs is controlled by genetic and
environmental factors that likely balance the need for oxygen supply (upward growth) with avoidance of root desiccation
(downward growth).

Root system architecture is determined by a number
of parameters, including root growth rate, the rate at
which lateral roots and adventitious roots (ARs) are
formed, and the angles at which lateral roots and ARs
grow with respect to the gravity vector. Root structure
is highly adaptive. It is shaped by environmental sig-
nals such as gravity, light, nutrients, and water avail-
ability to ensure plant survival and propagation
(Atkinson et al., 2014; Bellini et al., 2014). Gravity is an
invariant physical signal and, hence, well suited to
provide spatial orientation for plants. Gravity is sensed
by starch statoliths in specialized root cap cells termed
statocytes (Baldwin et al., 2013). Displacement of the
statoliths as a result of an altered root orientation with
regard to gravity triggers a signal in columella cells that
causes an asymmetric distribution of auxin between the
upper and lower sides of the lateral root cap and the
epidermis of the root elongation zone. The auxin gra-
dient causes differential growth on the upper and lower

root sides and, eventually, root bending (Ottenschläger
et al., 2003; Swarup et al., 2005; Sato et al., 2015). The
mechanism of gravity sensing by displacement of stat-
oliths is well suited to explain the positive gravitropic
growth of primary roots that ensures penetration into
soil. By contrast, many lateral roots and ARs grow at a
nonvertical angle that has been termed the gravitropic
setpoint angle (GSA; Digby and Firn, 1995). The
branching of secondary roots ensures radial exploration
of the soil. The nonvertical growth of lateral roots is
species specific and genetically determined (i.e. inde-
pendent of gravity; Guyomarc’h et al., 2012). However,
the angle at which lateral roots grow also is environ-
mentally controlled, as was shown for low-phosphate
conditions in Arabidopsis (Arabidopsis thaliana) that
cause a more vertical growth of lateral roots (Bai et al.,
2013; Roychoudhry et al., 2017). However, relatively
few studies have focused on the endogenous and en-
vironmental control of the GSA so far, with most of the
information gained from Arabidopsis. In order to learn
more about the control of the GSA and to identify
general regulatory mechanisms that control secondary
root architecture, it is useful to extend the studies to
other plant species. Rice (Oryza sativa) is a monocot
model plant that is well suited to extend our under-
standing of GSA regulation to an agriculturally im-
portant crop species and provide insights that may
contribute to crop improvement.

Light is a key environmental cue for plants. It pro-
vides orientation for the shoot and root and triggers
developmental reprogramming such as deetiolation in
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seedlings. Plants have different photoreceptors with
characteristic action spectra. They perceive red light via
the phytochrome receptor. The inactive phytochrome
Pr is converted to its active form Pfr by red light ab-
sorbance. This conversion is reversible. Absorbance of
far-red light by Pfr converts the active phytochrome to
its inactive form Pr (Li et al., 2011). In rice, phyto-
chromes are encoded by three genes, PhyA to PhyC,
whereby PhyA is responsible mainly for mediating
photomorphogenic responses (Takano et al., 2009; Roy
et al., 2013). Some physiological responses, such as
shade avoidance, depend on the ratio of Pr to Pfr. In
shade avoidance, light gradients that are perceived by
leaves induce the growth of petioles or leaf blades to-
ward higher light intensities to optimize photosynthe-
sis (Briggs, 2014). Shade avoidance is triggered by an
increased ratio of far-red to red light that naturally oc-
curs in the shade that is perceived by phytochrome (de
Wit et al., 2016).
UV-A/blue light is perceived via the blue light re-

ceptors phototropin and cryptochrome, whereby pho-
totropin is the main blue light receptor mediating
phototropic responses (Fankhauser and Christie, 2015).
Positive phototropism also serves to orient the shoot in
the direction of light for efficient photosynthesis by
means of directed growth (Fankhauser and Christie,
2015). While shoots display positive phototropism,
roots most often respond to light by negative photo-
tropic growth, driving them into the dark. In Arabi-
dopsis, negative root phototropism was shown to have
a beneficial effect under drought conditions with in-
creased plant size at maturity (Galen et al., 2007), in-
dicating that the control of root growth direction by
light can help the plant to adapt to adverse environ-
mental conditions. The blue light receptor phototropin
is encoded by two genes in flowering plants, PHOT1
and PHOT2, whereby PHOT1 is responsible mainly for
root phototropism (Fankhauser and Christie, 2015). In
Arabidopsis roots, light was shown to redirect auxin
flux by altering the polarized distribution of the auxin-
transporting PIN proteins such that one side of the root
grows faster while the other side grows slower, result-
ing in phototropic root bending (Ding et al., 2011; Sassi
et al., 2012).
Root system architecture is determined not only by

primary and lateral roots but also by shoot-borne roots.
The formation of ARs can be developmentally pro-
grammed, as is the case for crown and brace roots of
cereals, or be induced by environmental signals, such as
flooding (Bellini et al., 2014). Submergence poses a
number of challenges to plants, the most obvious of
which is reduced oxygen availability. In flooding-
adapted plants, postsubmergence root architecture
differs largely from the primary root system. Flooding
promotes the establishment of an AR system that takes
on the task to supply the plant with water, nutrients,
and anchorage (Ayi et al., 2016). It can support or even
replace the soil root system that suffers most from
oxygen shortage during flooding (Sauter, 2013). In
semiaquatic rice, AR primordia are constitutively

formed at the stem nodes without emerging from them
as long as the node is not submerged (Lorbiecke and
Sauter, 1999). Upon submergence, the gaseous hor-
mone ethylene accumulates in the submerged plant
parts due to its lowered diffusion rate in water as
compared with air. Ethylene acts as a hormonal trigger
that promotes the growth and emergence of ARs in
concert with gibberellic acid and abscisic acid (Steffens
et al., 2006).

While deep rooting is a beneficial trait for drought
resistance, it is unfavorable during flooding, where
shallow rooting helps avoid hypoxic or anoxic soil
layers. In contrast to the primary root system, ARs grow
in the oxygen-rich surface layers of the flood water,
from which they can take up oxygen produced in un-
derwater photosynthesis (Winkel et al., 2013; Ayi et al.,
2016). ARs benefit from oxygen dissolved in flood
water yet need to avoid desiccation in air. Light may be
a helpful signal to guide root orientation under water.
In this study, we report on the regulation of AR growth
direction in rice by gravity and light signals.

RESULTS

Growth of Adventitious Rice Roots Is Induced in the Dark

Rice plants form AR primordia at their stem nodes
that emerge to develop into ARs upon plant submer-
gence. AR growth is promoted by ethylene that accu-
mulates in submerged tissue (Lorbiecke and Sauter,
1999). In this study, we show that exposure of excised
deepwater rice stems of the cv PG56 to continuous
darkness for 2 d likewise results in AR growth (Fig. 1, A
and B). In the dark, 75% of root primordia grew out as
compared with only 2.2% when stems were kept in the
light. Interestingly, the angle at which ARs grew in the
dark was, on average, 119.8° such that roots pointed
upward (Fig. 1, A and C). A time-course analysis
revealed that the upward angle was maintained while
ARs continued to elongate for at least 5 d (Fig. 1D). To
test if a similar growth behavior was observed in intact
plants under flooding conditions, plants were partially
submerged or kept in air in the light or in the dark for
3 d (Fig. 2). Partial submergence in either continuous
light or continuous darkness induced AR growth.
While the average growth angle in continuous light was
46.8°, it was 119.3° in the dark, confirming that the re-
sponse observed in excised stem sections was a physi-
ological response that likewise occurs in flooded plants.
In the dark, no ARs emerged from intact plants. In rice
plants, senescence-induced ethylene formation was
measured no earlier than after 6 d of complete darkness
(Fukao et al., 2012). When plants are submerged, eth-
ylene that is continuously produced is trapped to
physiologically active levels more rapidly.

To test if the upward growth of ARs occurred only in
a gaseous or liquid medium or also in solid medium
such as soil, we tested AR growth behavior in cv PG56
stems kept in soil for up to 3 d (Fig. 3). Stem nodes were
placed 8 cm below the soil surface. The number of
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emerged roots at this node increased from 0% at 0 h to
30.6% after 14 h, to 73.3% after 24 h, and to 96.9% after
2 d (Fig. 3A). To analyze the root growth angle, we
carefully dug out stems from the soil after 2 d. The
average length of ARs after 2 d was 1.6 cm and the
average growth angle was 113.5°, indicating that up-
ward growth of AR in rice was independent of the
physical nature of the medium. To visualize AR growth
direction in solid medium, we placed the lower 10-cm
part of rice stem sections in Styrofoam beads for 3 d and
analyzed the AR system in situ with x-ray computer
tomography (Fig. 3B). ARs grew at an upward angle
in situ as observed in air and in water, supporting the
conclusion that the angle of AR growth is not deter-
mined by the medium in which roots grow.

Upward Growth of ARs in the Dark Is a Conserved
Developmental Trait in Rice

We next investigated AR development by studying
different age nodes. ARs form at the youngest node and
slowly grow over timewithout penetrating the epidermis
as long as the node is kept in the light and not exposed to
ethylene (Lorbiecke and Sauter, 1999). We analyzed ARs
at thefirst (i.e. youngest) to the fourth (i.e. oldest) nodes of
cv PG56 after exposure to continuous darkness or to light
as a control for 2 d (Fig. 4). The percentage of roots that
had penetrated after 2 d in the dark increased with de-
velopmental age of the node. None of the root primordia
had emerged at the youngest node, while 64.3% of all
primordia had emerged at the oldest node (Fig. 4A). Only
ARs at the third and fourth nodes were long enough to
determine the growth angles (Fig. 4B). ARs grew upward
at both nodes, with similar angles of 121.4° at the third
node and 117.4° at the fourth node. Taken together, the

rate of emergence of ARs is dependent on their develop-
mental stage, whereas the growth angle is independent of
the development age of the node.

The studies described so far were carried out with the
deepwater rice variety cv PG56,which raised the question
of whether the observed trait was a characteristic of rice
that is regularly exposed to long-term (several months)
severe flooding (several meters) or whether the upward
growth ofARswas generally conserved in rice. To answer
this question, we studied five lowland rice cultivars that
are adapted to short-term (fewer than 2 weeks), less se-
vere (less than 1 m) flooding events. The deepwater and
lowland rice varieties that we studied are not only
adapted to different flooding regimes but also belong to
different rice subspecies (Table I). The rice cv PG56 be-
longs to the indica subspecies, whereas the lowland rice
cultivars belong to the japonica subspecies.

Rice stems from lowland rice cv ZH11, T65, Nip-
ponbare, Bomba, and Kinmaze and from the deepwater
rice cv PG56 were exposed to continuous darkness for
3 d. Darkness induced AR emergence in all cultivars
(Table I). The angles of the lowland rice cultivars varied
between 104.6° and 115.5° and, hence, were slightly
lower than the 120.7° measured for cv PG56. None-
theless, roots grew upward in all genotypes even prior
to internode elongation (Supplemental Fig. S1, A and
B). In conclusion, dark-induced AR growth in an up-
ward direction is conserved in rice, suggesting that it is
of benefit to its semiaquatic lifestyle.

Dark-Induced AR Growth Is Mediated by
Ethylene Signaling

It has been reported previously that, in rice, an ex-
tended dark period results in ethylene formation,

Figure 1. ARs of rice emerge and grow up-
ward in the dark. A, cv PG56 rice stem sections
were exposed to white light (WL) or darkness
(D) for 2 d. ARs emerged in the dark but not in
the light. B, Percentage of penetrated roots. C,
Average angle of ARs at the third youngest
node. Bars in B and C indicate means 6 SE

from four independent experiments, with
30 stem sections analyzed in total per treat-
ment. Different letters indicate significantly
different values between treatments (P, 0.05,
Student’s t test). D, Time-course analysis of AR
elongation and root growth angle in the dark.
Values are means 6 SE of three independent
experiments, with 18 stems analyzed per time
point. Uppercase letters indicate significantly
different values of root angle between different
time points, and different lowercase letters
indicate significantly different values of root
length between different time points (P, 0.05,
ANOVA with Tukey’s test).
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which, in turn, promotes dark-induced senescence
(Fukao et al., 2012). To answer the question of whether
ethylene was a trigger for AR growth in the dark, we
exposed cv PG56 stems kept in air to 5 mL L21

1-methylcyclopropene (1-MCP), an inhibitor of ethyl-
ene perception, and kept them either in the light as a
control or in the dark (Fig. 5A). In the light, no roots
penetrated regardless of the 1-MCP treatment (Fig. 5B).
In the dark, AR growth was induced in untreated stems
whereas no ARs penetrated in the darkwhen stems had
been pretreatedwith 1-MCP, indicating that AR growth
in the dark is mediated by ethylene signaling.

AR Emergence and the AR Growth Angle Are Controlled
by Red and Blue Light Signaling

To better understand which light signaling pathways
control AR emergence and the growth angle of ARs, we
studied the effects of red, far-red, and blue light. As
controls, cv PG56 stems were exposed to continuous

darkness or treated with 150 mM of the ethylene-
releasing compound ethephon in white light for 3 d to
induce AR emergence. Ethephon treatment in white
light caused about 80% of all AR primordia that were
present at the third node to emerge, while no roots
emerged in white light without ethephon (Fig. 6A;
Steffens et al., 2006).

Exposure to far-red light reduced root penetration
with increasing fluence rate, from 84.8% in the dark to
19.1%at 78mmolm22 s21, andwas 2.2% in43mmolm22 s21

white light (Fig. 6B). In red light, we also observed
decreasing AR penetration rates with increasing light
intensity, a response that leveled out at 18.4% root
penetration in stems exposed to 3.3 mmol m22 s21 and
higher red light fluences (Fig. 6B). Red light had a
stronger effect at low fluence rates than far-red light,
while red and far-red light had similar inhibitory effects
at higher fluence rates. The growth angle of emerged
roots declined from 118.3° in the dark to 76.9° at
78 mmol m22 s21 far-red light (Fig. 6C). The angle of
emerged ARs was likewise decreased by red light in a
dose-dependentmanner, from 104.8° at 0.03mmolm22 s21

to 91° at 13.2 mmol m22 s21 (Fig. 6C), but again, red light
appeared to bemore efficient than far-red light at low light
intensities. Roots that emerged in the presence of ethylene
in white light grew at an angle of 54.2°. The results
revealed that both Pr (favored by far-red light exposure)
and Pfr (favored by red light exposure) regulate AR
emergence andgrowth angle. Taken together, our analysis

Figure 2. The direction of AR growth in partially flooded plants is de-
termined by light. A, cv PG56 rice plants were partially submerged for
3 d in the light or in the dark. ARs grow downward in the light and
upward in the dark when flooded. B, Mean 6 SE angles of ARs that
emerged at the third youngest node were determined in three inde-
pendent experiments from 18 to 24 plant stems exposed to white light
(WL) or darkness (D). Different letters indicate statistically significant
differences (P , 0.05, ANOVA with Tukey’s test).

Figure 3. ARs emerge and grow upward in soil. A, AR penetration at the
third node of cv PG56 stem sections that were buried in soil was
monitored for up to 72 h. The AR growth angle was determined after
48 h. Values are means 6 SE analyzed from 15 stems in three inde-
pendent experiments. Different letters indicate significantly different
values between each time point (P, 0.05, ANOVAwith Tukey’s test). B,
CT image of third nodes with ARs visualized after 3 d in styrofoam
beads.
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revealed an inhibitory effect of phytochrome signaling on
AR emergence and upward growth. The results further
show that inhibition of ARpenetration ismore sensitive to
red light than to far-red light at low fluence rates. How-
ever, neither far-red nor red light signaling in the low (1–
1,000 mmol m22) and very low (0.1–1 mmol m22) fluence
ranges that were analyzed here (Li et al., 2011) can fully
account for light regulation of AR penetration and growth
angle, suggesting that another light signaling pathway
may be involved.

Since phototropic responses are commonly regulated
by the blue light receptor phototropin, we tested the
effect of blue light on AR penetration and growth angle
(Fig. 7). The cv PG56 stems were exposed to white light,
to darkness, or to different intensities of blue light for
3 d. Following these treatments, root penetration rates
(Fig. 7A) and the angle of penetrated roots (Fig. 7B)
were determined. Root penetration was inhibited in
a dose-dependent manner. At 3.8 mmol m22 s21

and higher blue light intensities, the percentage of
emerged roots was as low as in white light. Similarly,
the angle of ARs decreased in a dose-dependent man-
ner and reached 58.9° at 8 mmol m22 s21 blue light,
which was comparable to the 54.2° observed in 43mmol
m22 s21 white light, suggesting that blue light signaling

is a major signal regulating AR emergence and growth
direction.

A Role for CPT1 in Blue Light Regulation of the AR
Growth Angle

NONPHOTOTROPIC HYPOCOTYL3 (NPH3) has
been identified as a signaling component involved in
hypocotyl and root phototropism in Arabidopsis
(Motchoulski and Liscum, 1999). The rice COLEOP-
TILE PHOTOTROPISM1 (CPT1) protein is an NPH3
ortholog (Haga et al., 2005). Seedlings of the cpt1 dele-
tion mutant of the rice cv Nihonmasari are unrespon-
sive to blue light with regard to the induction of
positive phototropism of the coleoptile and show de-
creased blue light sensitivity in negative phototropism
of the primary root (Haga et al., 2005).We employed the
cpt1 mutant to answer the question of whether AR
phototropism involves signaling via CPT1. To verify
the CPT1 deletion, DNAwas isolated fromwild-type cv
Nihonmasari, from cpt1 plants, and from cv PG56
plants. A DNA fragment within the deleted region was
amplified with gene-specific primers from cv Nihonma-
sari and PG56 but not from cpt1 plants (Fig. 8, A and B),
confirming the CPT1 gene deletion. Next, stem sections
from wild-type cv Nihonmasari and from the cpt1 mu-
tant were kept in the dark, exposed to blue light, or ex-
posed to white light with 150 mM ethephon for 7 d
(Fig. 8C). Root penetration was high in the dark and
decreased in both cv Nihonmasari and cpt1 in a dose-
dependent manner, with no statistically significant dif-
ference between genotypes (Fig. 8D). ARs grew upward
in the dark with no difference in growth angle between
cv Nihonmasari and cpt1. The growth angle decreased
with increasing blue light intensity in both genotypes
(Fig. 8E). However, cpt1 displayed reduced sensitivity to
blue light such that angles were larger in cpt1 as com-
pared with cv Nihonmasari at any given intermediary
blue light intensity. ARs of cv Nihonmasari reached the
lowest angle of 81.8° at 1.8mmolm22 s21, whereas ARs of
cpt1 reached 79.9° at 17.1 mmol m22 s21. These results
suggest that CPT1 participates in blue light regulation of
AR growth angle but not of AR emergence and, hence,
suggest a specific role for CPT1 in negative AR photot-
ropism in rice.

The Growth Direction of ARs Is Reversibly Controlled
by Light

We next tested whether regulation of the AR growth
angle by light was a reversible process. We exposed
stem sections to either continuous white light combined
with 150mM ethephon to promote downward growth of
ARs or to continuous darkness to promote upward
growth. In addition, we exposed stems to 2 d of dark-
ness followed by 2 d of light plus ethephon treatment,
or to 2 d of light plus ethephon followed by 2 d of
darkness (Fig. 9). ARs that grew upward in the dark

Figure 4. Developmental gradient of ARs in the dark. A, cv PG56 stem
sections were excised 2 cm below the first, second, third, or fourth node
and kept in white light or darkness for 2 d. Subsequently, root pene-
tration was determined. B, Mean 6 SE root angles at each node were
determined from 16 stems analyzed in three independent experiments.
Different letters indicate statistically significant differences between
nodes in the dark (n = 16; P, 0.05, ANOVAwith Tukey’s test). Asterisks
indicate significant differences between dark and light treatments at
each node (P , 0.05, Student’s t test; nd, no data).
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changed their growth direction when transferred to the
light, and ARs that grew downward in the light
changed their growth direction to an upward angle
when moved to the dark (Fig. 9A). The changes
in growth angle are depicted as cartoon drawings
(Fig. 9B).

Gravity Plays a Minor Role in Determining AR
Growth Direction

Plants are constantly exposed to gravity. Primary
roots and shoots orient their growth direction along the
gravity vector either in a positive or negative manner,
while the angle of lateral roots or ARs deviates from the
gravity vector. To investigate the impact of gravity on
the GSA of ARs, we performed a klinostat experiment
in which stem sections were vertically rotated at 5 rpm
in the dark for 3 d (Fig. 10A). The angle of rotated roots
was 106° as compared with 120.4° in nonrotated roots,
indicating that gravity induced a negative gravitropic
response of 14.4° (Fig. 10B). To further test the effect of
gravity, we performed two experiments in which stem
sections were oriented in an upright or inverse orien-
tation (Fig. 10, C and E). In one setup, the stems were
placed in a beaker in either orientation (Fig. 10C). In a
second experiment, water was supplied in a test tube to
the lower cut surface of the stem irrespective of its ori-
entation. In stems kept in a beaker (Fig. 10, C andD), the
angle changed from 123.4° in the upright orientation
with roots exposed to 1 g to an angle of 101.3° in inverse
oriented stems with roots exposed to 21 g. Hence, ap-
plying gravity from the opposite direction caused a
change in growth angle of 22.1°. A similar result was
obtained with stems supplied with water from test
tubes at the lower cut surface (Fig. 10E). An angle of
116.4° was measured in the upright orientation and one
of 96.6° in the inverse orientation, resulting in a differ-
ence of 19.8° (Fig. 10, E and F).
Gravity is sensed by starch-containing statoliths in

specialized root cap cells called statocytes. We

performed starch staining of ARs to analyze at which
developmental stage the statocytes develop in AR pri-
mordia.We obtained cross sections from each node that
were stainedwith Lugols’ solution to visualize starch as
a brownish stain (Fig. 11). We also isolated AR pri-
mordia from each node for staining. The results
revealed that statoliths were present in the root cap of
nonemerged ARs at all nodes, including the youngest
node (Fig. 11). These observations suggested that AR
primordia can sense gravity at a very early stage.
However, the GSA is determined by gravity to only a

Table I. Upward growth of ARs in the dark is a conserved trait in rice

ARs of the six rice genotypes, cv Pin Gaew 56 (PG56), Zhonghua 11 (ZH11), Taichung 65 (T65),
Nipponbare, Bomba, and Kinmaze, were analyzed. Rice stem sections including the third youngest node
were cut and incubated in white light with 150 mM ethephon (WL+E) or in the dark for 4 d before growth
angles were determined. Angle values indicate means 6 SE from 15 to 30 stems analyzed in three inde-
pendent experiments. Letters a and b indicate significant differences between treatments in a given variety
(P , 0.05, Student’s t test).

Cultivar Subspecies Ecotype
Angle

Dark WL+E

°
PG56 indica Deepwater 120.7 6 0.6 a 57.8 6 1.2 b
ZH11 japonica Lowland 104.6 6 0.5 a 60.2 6 1.9 b
T65 japonica Lowland 110.8 6 0.9 a 59.7 6 0.9 b
Nipponbare japonica Lowland 113.9 6 0.9 a 62.7 6 1.7 b
Bomba japonica Lowland 115.5 6 1.2 a 48.8 6 1.3 b
Kinmaze japonica Lowland 112.3 6 1.0 a 64.6 6 1.2 b

Figure 5. AR growth in darkness is suppressed by 1-MCP. A, Stem
sections of rice cv PG56 were kept in white light (WL) or darkness (D)
with or without 5mL L21 1-MCP for 2 d to inhibit ethylene perception. B,
Percentage of penetrated roots. Results are means 6 SE from three in-
dependent experiments, with 20 to 22 stems analyzed. Different letters
indicate statistically significant differences (P , 0.05, ANOVA with
Tukey’s test).
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minor degree whereby ARs respond to gravity with a
negative gravitropic response.

DISCUSSION

Physiological Function of Upward AR Growth

Rice is a semiaquatic plant. With the exception of
upland rice, many rice varieties are cultivated in paddy
fields. Depending on the ecological niche to which a
particular rice variety is adapted, it can, on top, en-
counter more or less severe flooding events. In water-
logged or flooded soil, gas diffusion is limited and roots
compete with microorganisms for oxygen. For roots, a
continuous supply of oxygen from the shoot via inter-
nal air spaces becomes crucial (Pedersen et al., 2009).
When fully submerged, shoots do not have access to
atmospheric oxygen; however, submerged shoots can
photosynthesize and thereby increase endogenous
oxygen levels and enrich the flood waters with oxygen.
During flooding, the original root system in the soil is

Figure 6. AR emergence and the growth angle of ARs are controlled
by red and far-red light signaling. A, Stem sections including the third
node show a fluence rate-dependent change in growth angle when
exposed to far-red light. For comparison, a stem is shown that was
exposed for 3 d to white light in the presence of 150 mM ethephon (WL
+E). Ethephon releases ethylene that promotes AR growth even in the
light. B, Percentage of ARs that penetrated at the third node in darkness
(0), red light (R), far-red light (FR), or white light (WL) after 3 d. The inset
shows a higher resolution of the low fluence range. C, Angle of ARs
at the third node of stems exposed as described in A. The inset shows
a higher resolution of the low fluence range. In B and C, results are
means 6 SE from four independent experiments, with 18 to 30 stems
analyzed per treatment. Different letters indicate statistically significant
differences (P , 0.05, ANOVA with Tukey’s test).

Figure 7. Blue light fully inhibits the emergence and upward growth of
ARs. A, Percentage of penetrated roots at the third node of cv PG56
stems exposed to darkness (0), blue light (B), or white light (WL) for 3 d.
B, Average root growth angles in increasing blue light fluence rates and
in white light in the presence of 150 mM ethephon (WL+E). Values are
means 6 SE from three independent experiments, with 16 to 20 stems
analyzed per treatment. Different letters indicate statistically significant
differences (P , 0.05, ANOVA with Tukey’s test).
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supported or replaced by aquatic ARs that emerge from
the stem nodes. ARs are more easily supplied with
oxygen, as they are closer to the photosynthesizing
oxygen-producing shoot, and aquatic ARs can take up
oxygen from the flood water (Ayi et al., 2016). The
survival of Alternanthera philoxeroides plants was higher
with aquatic ARs as compared with plants with aquatic
ARs removed (Ayi et al., 2016). Root oxygen in fully
submerged rice plants was shown to be determined by
underwater photosynthesis (Winkel et al., 2013). For
the wetland grass Meionectes brownii, Rich et al. (2013)
showed that, irrespective of partial or full submergence,
the deeper parts of submerged stems and aquatic roots
received their oxygen from underwater photosynthesis
during the day and from the oxygen-enriched flood
water at night. Hence, light is a determinant of oxygen
supply under water.
We observed that rice ARs show an unusual growth

behavior in the dark: they grow upward. In the light,
the growth direction changes, resulting in downward

growth, a response that indicates negative phototro-
pism. Phototropism is generally seen as a means to
optimize plant growth and development. Shoot pho-
totropism serves to optimize the photosynthetic ability
of plants. Unlike shoots, roots in general display neg-
ative phototropism that directs roots into the soil to
avoid desiccation and ensure that roots can take up
nutrients and water and provide anchorage. In addi-
tion, root growth is directed in a positive gravitropic
manner that further drives downward growth. Photo-
tropic and gravitropic responses are mediated by auxin
that can be transported polarly by auxin efflux carriers.
Directed auxin flow allows for an asymmetric auxin
distribution and, hence, for differential growth rates on
the upper and lower sides of a root or on the shoot side
facing the light versus the shaded side and, hence, to
organ bending (Fankhauser and Christie, 2015; Su et al.,
2017). In rice, AR growth direction is determined by
gravity to only a minor degree. In fact, ARs display
negative gravitropism. Loss of directional gravity in a

Figure 8. Blue light signaling of AR growth di-
rection is partially impaired in the cpt1mutant. A,
A cpt1 plant, its wild-type background cv
Nihonmasari, and a cv PG56 rice plant. B, A
428-bp fragment within the CPT1 gene was am-
plified from cv PG56 and Nihonmasari but not
from cpt1. DNAwas isolated from two individual
plants for each genotype. C, Emerged ARs at the
third node of cv Nihonmasari and cpt1. cpt1 is
less sensitive to low blue light fluence rates. D,
Number of ARs penetrated at the third node of
stems that were exposed to increasing blue light
(B) intensities for 6 d. E, Average root angles at the
third node of stems that were exposed to in-
creasing blue light intensities for 6 d or kept in
white light in the presence of 150 mM ethephon
(WL+E). Results in D and E are means 6 SE

obtained from three independent experiments,
with 18 stems analyzed per treatment. Different
letters indicate significantly different values (P ,
0.05, ANOVA with Tukey’s test).
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klinostat resulted in a reduced upward growth angle in
the deepwater rice cv PG56 by 14°, and reversion of the
gravity vector with respect to stem orientation reduced
upward growth by 20° to 22°. Hence, the gravitational
signal enhances upward AR growth direction. Deeper
rooting1 (DRO1) is a rice gene that makes roots grow
deeper into soil and, thereby, provides drought avoid-
ance ability in upland rice (Uga et al., 2013). IR64 is a
paddy field rice variety with a shallow root system.
Interestingly, roots of the DRO1-near isogenic IR64 line
that was equipped with the DRO1 trait had a root
system that reached twice as deep without having a
higher root dry mass and with only marginally longer
roots, suggesting a function of DRO1 in the determi-
nation of the root growth angle and, hence, genetic
control of the root system architecture and the function
of the root system.

With regard to environmental control of the root sys-
tem, we found that light had a strong impact. In non-
flooded conditions, light fully inhibitedAR emergence. In
partially submerged plants or in the dark, ARs emerged
due to the activity of ethylene that accumulates in these
conditions (Steffens et al., 2006; Fukao et al., 2012). The
growth angle of emerged ARs changed from about 120°
in the dark to 54° inwhite light, thus reversing the growth
direction from upward to downward (Fig. 12). Taking
previous and our findings together, we conclude that the
growth angle that deviates from the vertical, the GSA, is,
in part, genetically programmed (e.g. via DRO1) and
environmentally controlled by gravity and light, with
light exerting the stronger environmental effect. We

hypothesize that absence of light is an indicator for
oxygen-deficient soil that ARs try to avoid through up-
ward growth as an escape response. Light indicates an
environment that could be in flood water but also could
be in air, which bears the danger of desiccation for the
root. Hence, in the light, ARs grow downward.

Regulation of AR Growth by Light

Plants sense light by a number of photoreceptors,
including phytochromes, cryptochromes, and photo-
tropins. Plant photoreceptors are specialized to per-
ceive different light qualities (wavelengths) and to
measure light intensity (fluence rate). The information
gained from light signals helps plants to adapt to their
environment. The red light receptor phytochrome exists
in two isoforms that are interconvertible, the far-red
light receptor Pfr and the red light receptor Pr (Li et al.,
2011). Rice has three phytochrome genes, PHYA, PHYB,
and PHYC. PHYA and PHYC interact to mediate red
and far-red light responses, likely by stabilization of
PHYC by PHYA (Takano et al., 2005; Xie et al., 2014).
PHYB modulates red light signaling by regulating the
Arabidopsis response regulator ARR4 (Sweere et al.,
2001). Cryptochrome and phototropin are blue light
receptors with distinct functions (Christie et al., 2015).
While cryptochrome regulates photomorphogenesis,
phototropic responses are generally controlled by
phototropin that is encoded by two genes, PHOT1 and
PHOT2, in flowering plants (Fankhauser and Christie,
2015). In Arabidopsis, root phototropism is mediated
by PHOT1 that is active over a broad range of blue light
intensities (Christie et al., 2015). In addition, the red
light receptor phytochrome also has been implicated in
the regulation of phototropism.

In rice, we observed two distinct responses to light,
AR emergence and a change in AR growth angle. Root
penetrationwas inhibited from about 80% in the dark to
2.2% in white light and was reduced to 18.4% in red
light and to 19.1% in far-red light, clearly supporting a
role of both red and far-red light signaling in the control
of AR emergence. Root emergence is furthermore con-
trolled by blue light that reduced the number of pene-
trated roots in a dose-dependent manner, with a
significant reduction observed at 0.12 mmol m22 s21

blue light and a full inhibition to 7.5% at 3.8mmolm22 s21

. Hence, light of different quality is able to prevent root
penetration, with blue light being more effective than
red/far-red light. In rice seedlings, continuouswhite light
irradiation was shown to inhibit the growth of seminal
roots (Shimizu et al., 2009). Partial inhibition of seminal
root growth was observed with red, far-red, and blue
light. Analysis of phytochromemutants revealed that far-
red light was perceived exclusively by PhyA, whereas
red light was perceived by both PhyA and PhyB. Little or
no role was assigned to PhyC in growth inhibition of the
seminal roots. Light can penetrate soils to some degree,
with red light penetrating deeper (several centimeters)
than blue light that is perceived in shallow soil. In flood

Figure 9. The growth direction of ARs is reversibly regulated by light. A,
Rice stem sections were exposed to white light + ethephon (WL+E) and
dark (D) regimes as indicated: WL+E or D for 4 d, D for 2 d followed by
WL+E for 2 d, or WL+E for 2 d followed by 2 d of D. Ethephon was
applied at a final concentration of 150 mM. The white light intensity was
43 mmol m22 s21. B, Schematic diagrams indicating the changes in root
growth directions as shown in A.
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waters, numerous factors, including turbidity and chlo-
rophyll content, determine the quality and intensity of
penetrating light (Dev and Shanmugam, 2014). It may be
advantageous for plants to perceive a whole range of
light with different photoreceptors to control AR growth
in an environment where not only light intensity but also
light quality varies.
As long as the rice stem does not get flooded or

buried in soil, ARs will not grow. In flooded plants,
emergence of root primordia is promoted even in the
light by ethylene that gets trapped naturally due to its
low gas diffusion rate in water. In prolonged darkness,
plants start to senesce, a process that is promoted by
ethylene (Johnson and Ecker, 1998; Wang et al., 2002).
Ethylene accumulation during an extended dark period
has been shown previously for rice and Arabidopsis
(Fukao et al., 2012; Rasmussen et al., 2017). In this
study, we show that inhibition of ethylene signaling
abolishes dark-induced AR emergence, supporting the
conclusion that AR growth is mediated by ethylene
both in the dark and during submergence. Interest-
ingly, the SUB1A-1 locus, which confers submergence
tolerance in rice, dampens ethylene formation and
delays senescence-associated processes such as chloro-
phyll breakdown (Fukao et al., 2012). It is conceivable

that rice genotypes that carry the SUB1A-1 locus have
delayed AR growth in the dark compared with rice
varieties that follow an escape strategy that is driven by
ethylene. In rice seedlings, seminal root growth is inhibi-
ted by white light. Analysis of phytochrome mutants
revealed that seminal roots were inhibited by far-red light
perceived by PHYA and by red light through both PHYA
and PHYB signaling, whereas PHYC played no role in
this response (Shimizu et al., 2009). In addition, blue light
partially inhibited the growth of seminal roots, indicating
that, in rice, phytochrome and blue light signaling regu-
late both seminal andARgrowth, but to different degrees.

The growth angle of ARs was reversed in light in a
gradual, dose-dependent manner, indicating that the
AR system can adjust to a wide range of light intensi-
ties. Blue light was as effective as white light in redi-
recting ARs downward, whereas red and far-red light
caused a partial redirection of ARs at the light intensi-
ties analyzed. Taken together, AR emergence and
growth angle are under the control of red and blue light
receptors and are inhibited by red and blue light to
different degrees.

Blue light signal transduction via phototropin in-
volves NPH3 of the NRL (NPH3/RPT2-like) family
(Holland et al., 2009) that interacts directly with PHOT1

Figure 10. Gravity plays a minor role in determining the setpoint angle of ARs. A, Photograph showing the klinostat setup. B,
Angle of ARs growing at the third node of PG56 stems that were rotated at 5 rpm on a klinostat for 3 d in the dark. Means6 SE were
analyzed in three independent experiments. Different letters indicate different values between treatments (n = 15; P , 0.05,
Student’s t test). C, Schematic showing stems that were placed upright or in an inverse orientation in a beaker. D, Average angle of
ARs grown for 3 d in the dark as indicated in C. Means 6 SE were analyzed in three independent experiments. Different letters
indicate different values between treatments (n = 16; P , 0.05, Student’s t test). E, Schematic indicating stems that were placed
upright or in an inverse orientation. Water was supplied through a 10-mL tube attached to the lower cut surface in either setup. F,
Average root angle of stems kept for 3 d in the dark as indicated in E. Means6 SE were analyzed in three independent experiments
on a total of 14 stems per treatment. Different letters indicate significant differences between treatments (P , 0.05, Student’s
t test).
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(Motchoulski and Liscum, 1999). NPH3 acts as a sub-
strate adapter in a CULLIN3-based E3 ubiquitin ligase
(Roberts et al., 2011), with PHOT1 being a substrate in
Arabidopsis. Both NPH3 and CUL3 were shown to be
required for PHOT1 ubiquitination following blue light
irradiation and may serve to internalize or degrade
PHOT1 depending on the degree of ubiquitination
(Roberts et al., 2011). CPT1 is a rice ortholog of Arabi-
dopsis NPH3 (Haga et al., 2005). The cpt1 mutant dis-
plays reduced negative phototropism of the primary
root of rice seedlings in response to unilateral blue light,
while the gravitropic response was not changed.
Analysis of AR growth angle in the wild-type cv
Nihonmasari and in cpt1 mutant plants revealed no
difference in blue light inhibition of AR emergence.
However, cpt1 plants showed a decreased sensitivity
toward blue light with respect to the negative photo-
tropic response, indicating that the regulation of the AR
growth angle is mediated in part by CPT1. The cpt1
mutant was still responsive to higher fluence rates of
blue light, possibly due to the activity of redundant
NRL family members. Haga et al. (2005) predicted
26 CPT1 homologs in rice.

In summary, we have shown that secondary root
system architecture in rice is altered substantially dur-
ing flooding. Ethylene promotes AR growth, and far-
red, red, and blue light signaling control AR growth
direction (Fig. 12). We propose that the environmental
control of the AR system serves to keep ARs close to the
waterlogged soil surface and, thus, to escape oxygen
shortage, which, in turn, supports plant survival during
flooding.

CONCLUSION

Rice is a semiaquatic plant that generates AR pri-
mordia at each stem node that emerges upon flooding.
For rice plants, stem nodes experience extended dark-
ness when they are buried in soil or submerged in very
turbid flood waters. In either case, the nodes are likely
to become oxygen deficient. In the dark, ARs emerge
and grow upward, possibly to escape this low-oxygen
environment. The AR growth angle is modulated
moderately by gravity, whereas the decision between
upward and downward growth is regulated by light
signaling through red and blue light receptors (Fig. 12).
Hence, light is themost important environmental signal
that shapes AR architecture in rice during flooding. We
propose that light is an indirect cue for oxygen avail-
ability. Lack of this signal in the dark triggers an escape
response.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of rice (Oryza sativa indica) cv PG56 were originally obtained from the
International Rice Research Institute. The japonica cv Nihonmasari and the cpt1
mutantwere donated byMoritoshi Iino (Osaka City University). The japonica cv
Kinmaze was provided by Ko Shimamoto (Plant Molecular Genetics, Nara
Institute of Science and Technology). The japonica cv ZH11 was obtained from
Ping Wu (Zhejiang University). The japonica cultivar T65 was obtained from
Motoyuki Ashikari (Nagoya University). The japonica cv Nipponbare was
obtained from the Genome Research Centre. And the japonica cv Bomba was
obtained from José L. García-Martínez (Instituto de Biología Molecular y
Celular de Plantas, Universidad Politécnica de Valencia). Plants were grown for
12 to 20 weeks according to Sauter (1997). Stem sections with a total length of
20 cm were cut 2 cm below the third node and incubated in a 150-mL beaker
with 20 mL of tap water and 150 mM ethephon where indicated. A plastic cyl-
inder covered the beaker to ensure high humidity (Steffens and Sauter, 2005).
Stem sections were kept in a growth chamber at 27°C and 70% humidity. To
inhibit ethylene perception, stems were treated with 5 mL L21 1-MCP.

For partial submergence of rice plants, a 600-L tankwas filledwith tapwater
2 d before plant treatment to adjust the water temperature to an average of
26.8°C. Experiments were carried out in the same growth chamber as experi-
ments with stem sections at 27°C and 70% relative humidity. During partial

Figure 11. AR primordia possess statoliths. Cross sections of the first,
second, third, and fourth nodes of rice cv PG56 were stained with
Lugols’ solution to visualize starch-containing statoliths in the root caps
of AR primordia. Bars = 1 mm. Insets show enlarged images of isolated
AR primordia. Bars = 0.1 mm.

Figure 12. Scheme summarizing the impact of light and gravity on AR
growth direction. The growth angle of 119.8° at 1 g in the dark was
taken from Figure 1C, that of 106° at 0 g in the dark was taken from
Figure 10B, that of 99° at 21 g in the dark was taken from Figure 10,
D and F, and that of 54.2° in white light + ethephon was taken from
Figure 7B.
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submergence, ;30% of the leaves remained above the water surface
(Sasidharan et al., 2017).

Light Treatments

For soil experiments, 20-cm-long stem sections were placed in soil to a depth
of8 cmtomonitorARsat the thirdnode thatwas2 cmabove the lower cut surface
(6 cm below the soil surface). After the treatment, stems were removed from the
soil, washed twicewith tapwater, andARswere analyzed. Partially submerged
plants were exposed to either darkness or light. The white light intensity per-
ceived by leaves that remained in airwas at least 362.3mmolm22 s21 (EYECERA
ARC CMT220/W/BH; IWASAKI).

To incubate stem sections in the dark, the cylinder with which stems were
covered was wrapped in aluminum foil. For treatment with white light,
stems were exposed to 43 mmol m22 s21 white light (EYE CERAARC CMT220/
W/BH; IWASAKI). For far-red light treatment, a light-emitting diode (LED)
lamp (Philips; LED E27 far-red light lamp) with a maximum wavelength
of 730 nmwas used. To provide blue or red light, an LED light (Thomann; LED
Flood Panel 150) was used accordingly. The wavelengths of red light irradiance
were 620 to 640 nm, and the wavelengths of blue light were 460 to 480 nm.
The LED lamps were fixed 1 m above the cylinder, and light intensity was
measured 2 cm below the third node of the stem sections. Five different light
intensities were used for red and blue light treatments. Light intensities were
measured from 250 to 799 nm with a double monochromator (DMc150; Ben-
tham). Irradiance was measured every 1 nm as skip size and was normalized
as mW m22 nm21.

Measurement of Root Penetration Rate, Root Angle, and
Root Length

The total number of AR primordia and the number of emerged roots were
counted at each node, and the percentage of emerged ARs was calculated from
that. The numbers given in the graphs are average percentages obtained from all
stem sections (i.e. nodes) analyzed. The number of stems analyzed is provided
foreachexperiment in thefigure legends. ImagesofARswere takenwithadigital
camera (PowerShot; SX220HS). The root angle was measured using ImageJ
software (version 146r; National Institutes of Health). To determine AR lengths,
the roots were excised and their lengths were measured with a ruler.

X-Ray Computed Tomography Imaging

Twenty-centimeter-long stem sections were cut such that the third node was
4 cm above the lower cut surface. Stems were placed up to 9 cm in Styrofoam.
After 3 d of incubation in the dark, the buried part of the stem was scanned in a
180-kV nanofocus computed tomography system (GE Sensing & Inspection
Technologies) and visualized with Volume Graphics VGStudio MAX software
(GE Sensing & Inspection Technologies) at a voxel resolution of 120 mm or less.

Gravity Experiments and Statolith Staining

For clinostat experiments, each stem section was fixed in a 10-mL tube
(Falcon)filledwith 10mLof tapwater such that the third node remained outside
the tube. Tubes were sealed with Parafilm to prevent water leakage. In order to
provide an atmosphere of high humidity, a 50-mL centrifuge tube (Falcon) was
placed above this setup. Stem sectionswere rotated vertically at a speed of 5 rpm
in the dark. For inverse experiments, in one setup, stem sectionswere placed in a
beaker in either upright or inverse orientation. In another setup, a stem section
was fixedwith its lower cut surface in a 10-mL tube (Falcon) filledwith 10mL of
tapwater andplacedupright or inverted inacylinder toensurehighhumidity. In
either setup, stemswere incubated in the dark for 3 d. Subsequently, AR growth
angles were determined.

In order to visualize the starch-containing statocytes in the root cap, cross
sections including the AR primordia were cut from the first, second, third, and
fourth nodes of cv PG56. In addition,we isolated intact ARs from each node. The
samples were stained with Lugols’ solution for 1 min and washed once with
distilled water for 1 min.

Statistical Analysis

Statistical analyses were performed using Minitab. Cell death rates were calcu-
lated with arcsine=(x/100) formation to obtain distributed data. Comparison of

means was performed for statistical significance with an ANOVA Tukey’s test or
two-sample Student’s t test. Constant variance and normal distribution of datawere
verified before statistical analysis. The P value was set to P, 0.05.

Accession Number

The accession number for CPT1 is AB186127.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. ARs growing at the first and second nodes of rice
stems excised from deepwater rice plants.
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