Ethylene Induces Epidermal Cell Death at the Site of
Adventitious Root Emergence in Rice"
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In deepwater rice (Oryza sativa), adventitious root primordia initiate at the nodes as part of normal development. Emergence
of the roots is dependent on flooding of the plant and is mediated by ethylene action. Root growth was preceded by the
induced death of epidermal cells of the node external to the tip of the root primordium. Cell death proceeded until the
epidermis split open. Through this crack the root eventually emerged. Induced death was confined to nodal epidermal cells
covering the tip of the primordia. Our results suggest that this process facilitates adventitious root emergence and prevents
injury to the growing root. Cell death was inducible not only by submergence but also by application of 1-aminocyclopropane-
1-carboxylic acid, the natural precursor of ethylene and it was suppressed in the presence of 2,5-norbornadiene
(bicyclo[2.2.1]hepta-2,5-diene), an inhibitor of ethylene action. Adventitious root growth and epidermal cell death are therefore

linked to the ethylene signaling pathway, which is activated in response to low oxygen stress.

Programmed death of cells is part of plant life. A
genetically defined program leads to the death of
individual cells in response to developmental sig-
nals, and in response to biotic and abiotic environ-
mental signals thereby contributing to the survival of
the whole organism (Greenberg, 1996, Havel and
Durzan, 1996; Jones and Dangl, 1996). Programmed
cell death has been recognized as part of gameto-
phyte development where megaspore cells die (Buck-
ner et al., 1998), during embryo development where
the suspensor is aborted and starchy endosperm cells
die (Marubashi et al., 1999), during embryo germina-
tion, which involves death of aleurone cells (Wang et
al., 1996a, 1996b; Fath et al., 1999), during xylogenesis
(Groover and Jones, 1999), in root-cap formation,
during senescence, as plant defense against patho-
gens (Dangl et al., 1996), and also in adaptation to
low oxygen stress when cortex cells are dissolved to
form aerenchyma (He et al., 1996; Kawai et al., 1998;
Samarajeewa et al., 1999).

We have studied various aspects of plant adapta-
tion to conditions of partial flooding using deepwater
rice (Oryza sativa)as an experimental system (Kende
etal., 1998). Rice is a semiaquatic plant and in general
is well adapted to submergence. One important ad-
aptation to water logging and flooding is growth of
adventitious roots. Adventitious roots functionally
replace the basal roots, which upon anaerobiosis are
no longer capable of supplying the shoot with min-
erals and water due to insufficient respiratory energy
supply.

In deepwater rice, adventitious root primordia are
formed at the nodes as part of the normal develop-
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mental program (Bleecker et al., 1986; Lorbiecke and
Sauter, 1999). The primordia do not arrest at a de-
fined size, but rather grow at a very slow rate result-
ing in larger root initials as the nodes get older.
However, the adventitious root initials remain within
the nodal tissue covered by the epidermis until the
proper signal induces them to accelerate their growth
rate and to emerge (Lorbiecke and Sauter, 1999).
Growth of adventitious root primordia is inducible
by submergence, with ethylene being the mediating
hormonal signal (Lorbiecke and Sauter, 1999).

Emergence of adventitious roots requires growth
through the nodal epidermis and cuticle of the stem.
Our study was aimed at answering the question
whether penetration of the epidermis is a purely
mechanical process driven by the force of the grow-
ing root or whether it is facilitated by death of epi-
dermal cells at the site of root emergence. Our results
clearly indicate that epidermal cells die prior to root
growth. Cell death is induced by submergence and is
restricted to the sites of root emergence. It can be
viewed as a perforation that may help prevent injury
to the extending root.

RESULTS

Growth of Adventitious Roots

Adventitious roots are formed early in nodal de-
velopment in deepwater rice plants (Lorbiecke and
Sauter, 1999). They are induced to grow more rapidly
upon submergence (Table I; Bleecker et al., 1986;
Lorbiecke and Sauter, 1999) or treatment with an
ethylene releasing compound such as 1-aminocyclo-
propane-1-carboxylic acid (ACC; Table I; Lorbiecke
and Sauter, 1999) or ethephon (Fig. 1; Lorbiecke and
Sauter, 1999). Lengths of adventitious roots in sub-
merged plants and stem sections treated with ACC
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Table I. Average length of adventitious roots in plants which were
submerged for up to 18 h and in stem sections treated with 10 mm
1 aminocyclopropane 1-carboxylic acid (ACC) for up to 18 h

Length of Adventitious Roots * sE

Time

Submerged Stem sections
plants 10 mm ACC
h mm
0 0.65 = 0.03 0.42 = 0.01
2 0.69 = 0.03 0.56 = 0.03
4 n.d. 0.49 = 0.02
6 0.58 = 0.03 0.60 = 0.02
8 0.65 = 0.03 0.55 = 0.02
10 0.90 = 0.03 n.d.
12 1.10 = 0.06 0.63 = 0.02
18 1.79 = 0.20 0.76 = 0.02

for up to 18 h are given in Table I. The lag phase for
submergence-induced growth was between 8 and
10 h, the lag phase of ACC-induced growth was at
approximately 12 h (Table I).

Death of Epidermal Cells Is Induced by Submergence

Adventitious root primordia in non-submerged
deepwater rice plants grew continuously albeit at a
very slow rate resulting in bulging of the epidermis
at older nodes (Figs. 1 and 2A). In non-submerged
plants, the epidermal cells at the node that covered
the primordia were alive and grew along with the
roots (Figs. 1, 2A, and 3A, stage I). When plants were
submerged, increasing numbers of nodal epidermal
cells covering the root primordia died (Fig. 3). A
cross-section indicated that only epidermal cells, but
not parenchyma cells of the node or cells of the root
primordium itself were stained with Evans blue (Fig.
2, B and C). In the epidermis covering a root primor-
dium, cell death started with single cells producing a
patchy staining pattern (Figs. 2, B and C, and 3A,
stage II). A cross-section of a complete root initial
including the connecting vasculature showed that the

Figure 1. Adventitious roots at the third node of a deepwater rice
shoot. Adventitious root initials are covered by the nodal epidermis
during normal growth (left) or have emerged after treatment with 150
uM ethephon for 24 h (right).
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Figure 2. Cross-sections of the third node stained with Evans blue to
indicate dead cells. A, Staining of the nodal vasculature connected to
a root primordium, but not of the protoxylem elements of the root
primordium itself. B, A single epidermal cell is stained (see Fig. 3A,
stage Il). All parenchymal cells of the node and all cells of the root
primordium itself are not stained, indicating that the primordium
does not yet possess a root cap. Asterisk indicates the tip of the root
primordium. C, More cells are stained (see Fig. 3A, stage Ill), but
staining is still restricted to the epidermis and is not seen in either the
nodal parenchyma cells or in the root primordium. Asterisk indicates
the tip of the root primordium.

dye was able to diffuse freely, staining dead cells of
the vasculature within the node, but not the living
protoxylem cells in the central cylinder of adventi-
tious root primordia (Fig. 2A). This pattern indicated
that staining of epidermal cells was specific and not
due to limited dye diffusion (Fig. 2). Death of nodal
epidermal cells was confined to areas covering pro-
truding root tips (Figs. 2 and 3A). Eventually, most of
the nodal epidermal cells covering the root tip were
stained blue (Fig. 3A, stage III). When most of the
epidermal cells covering a root tip had died, the nodal
epidermis cracked open making way for the root be-
neath (Fig. 3A, stage IV).

We analyzed the timecourse of submergence-
induced cell death (Fig. 3B) and compared it with the
timecourse of induced adventitious root growth (Ta-
ble I). The epidermis above each root initial was
categorized to one of the above described stages at
defined times for up to 18 h of submergence. At time
0 h, approximately 70% of all epidermal tissues did
not show any staining, approximately 25% displayed
single stained cells, and in 5% to 10% of all cases,
stage III and IV staining was observed. Within 2 h
after submergence the percentage of unstained tis-
sues dropped to around 45% and the number of stage
II staining patterns increased accordingly (Fig. 3B).
Unstained epidermal tissues covering the root tips
continuously declined and were less than 10% after
12 h. The stage II staining pattern with single dead
cells transiently increased with maximal numbers
after 4 h (Fig. 3B). Stage III staining with large areas
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Figure 3. Degree Evans blue staining of the nodal epidermis above root primordia at the third node of submerged rice plants.
A, Stage | indicates no staining of the nodal epidermis covering an adventitious root primordium; stage Il indicates a patchy
staining pattern of the nodal epidermis; stage Ill indicates areal staining of the nodal epidermis; and stage IV staining includes
a cracked nodal epidermis with or without the root initial growing through the opening. B, At each time point, the staining
patterns as exemplified in A were determined above each root primordium at five to eight nodes with 12 to 15 root primordia
per node and attributed to stage I, Il, Ill, or IV. The numbers are expressed as a percentage and add up to 100% for each
time point. Analysis was carried out at the third node of intact rice plants that were submerged for up to 18 h.

of dead cells that started to tear apart existed only
briefly. Only few tissues were therefore attributable
to this stage at a time (Fig. 3B). Increasing numbers of
root initials over which the epidermal tissues were
torn open were first observed after 6 h (Fig. 3B, stage
IV). The percentage continuously increased until af-
ter 18 h more than 90% of all roots were no longer
confined by the nodal epidermis. The lag phase of
submergence-induced adventitious root growth at
the third node was between 8 and 10 h (Table [;
Lorbiecke and Sauter, 1999). Induced death of epi-
dermal cells as early as 2 h after submergence clearly
preceded induced growth of adventitious roots indi-
cating that cell death was not the result of a mechan-
ical force exerted by the growing root, but rather a
growth independent process that was triggered by
submergence.

ACC Induces Cell Death

Ethylene has been shown to accumulate in sub-
merged rice. We therefore tested the capacity of the
natural ethylene precursor ACC to induce death of
epidermal cells. Ten millimolars ACC was shown to
be optimal for induction of adventitious root growth
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(Lorbiecke and Sauter, 1999). We therefore chose this
concentration for our experiments. Stem sections
containing the third node were treated with ACC for
the same times as the submerged plants for up to
18 h. At each time point, epidermal tissue was scored
for cell death as indicated by Evans blue staining and
classified to stages I to IV as described in Figure 3A.
The results of Evans blue staining are summarized in
Figure 4A. Eight hours after application of ACC, the
percentage of living cells declined from an average of
around 60% to approximately 40% and was further
reduced to 25% after 12 h (Fig. 4). Stage II staining
with scattered dead epidermal cells was observed at
a constant level above approximately 30% of all root
primordia examined except after 18 h when it was
reduced to 18%. Epidermal tissue with a stage III
staining pattern was found at an increased frequency
after 4 h of treatment with ACC and epidermal tis-
sues began to crack open after 6 h (Fig. 4A). After
18 h, close to 60% of all epidermal tissues above root
primordia were dead and cracked open and root
primordia began to emerge. Because the lag phase of
ACC-induced adventitious root growth was at
around 12 h (Table I), ACC-induced cell death oc-
curred prior to or concomitant with root growth.
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Figure 4. Degree of epidermal Evans blue staining above root primordia at the third node of isolated stem sections. A, Stem
sections were treated with 10 mm ACC for the times indicated. Results are averages of at least 15 stem sections analyzed in
three independent experiments. Each stem section contained 12 to 15 adventitious root primordia. B, Stem sections were
treated with 10 mm ACC and 50 ul/L NBD for the times indicated. The staining patterns are given as percentages of stage
I to stage IV as described in Figure 3A. Results are averages of at least five stem sections analyzed.

2,5-Norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) (NBD)
Inhibits Ethylene-Induced Cell Death

NBD binds to the ethylene receptor thereby inhib-
iting ethylene activity (Bleecker et al., 1987). In deep-
water rice, ethephon, a chemical precursor of ethyl-
ene, induced adventitious root growth similar to
ethylene (Lorbiecke and Sauter, 1999). When ethe-
phon was supplied together with NBD, the growth
response was completely abolished (Lorbiecke and
Sauter, 1999). In this study incubation of stem sec-
tions with 10 mm ACC, the natural precursor of
ethylene and 50 uL/L NBD, blocked root emergence
and drastically reduced induction of cell death (Fig.
4B). Measurements at 0, 6, 12, and 18 h yielded es-
sentially the same distribution of staining patterns
indicating that cell death was dependent on proper
perception of the ethylene signal.

DISCUSSION

We have shown that submergence-induced growth
of adventitious roots is preceded by death of epider-
mal cells at the node external to the root primordia.
We view this cell death as a way to weaken and then
perforate the epidermal cell layer and to facilitate
emergence of the root. One might postulate that cell
wall degrading enzymes such as cellulase are active
as was shown for cortical cell lysis in aerenchyma
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formation (He et al., 1994). The details of cell disin-
tegration have however not been looked at yet.

The epidermis and cuticle protect the plant against
desiccation, mechanical injury, and pathogen attack.
It provides resistance to penetration from outside
and is therefore, by default, resistant to penetration
from within. If the adventitious root primordia had
to force its way through the nodal epidermis, the root
apex might get damaged, which in turn would com-
promise or completely prevent further root growth.
Weakening of the epidermis at the site of root pene-
tration may therefore be seen as a means to prevent
self-damage.

Would a plant be able to distinguish between
an attack from outside and an attack from within?
Hardly. If the growing roots were to penetrate the
epidermis forcefully, would the plant respond with
concerted defense actions? If so, it would waste en-
ergy and resources on an uncalled for response at a
time when the plants” energy supply and metabolism
are restricted by reduced oxygen tension and result-
ant limitations in respiration and carbohydrate re-
sources (Sauter, 2000). Programmed degradation of
the boundary cell layer prior to root growth prevents
a defense response.

Ethylene plays a central role in submergence-
tolerant species (Armstrong et al., 1994; Voesenek
and Blom, 1999). In deepwater rice, adventitious root
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primordia are formed as part of the normal develop-
mental program. Emergence of the primordia is de-
pendent on an appropriate signal, i.e. submergence
(Bleecker et al., 1986), which in turn is mediated by
ethylene (Lorbiecke and Sauter, 1999). Formation of
adventitious roots in response to ethylene has been
described for other plants as well and is connected
with the flooding resistance of plant species in gen-
eral (Drew et al., 1979; Voesenek and van der Veen,
1994; Visser et al.,, 1996). Our results indicate that
ethylene is also the signal that induces death of epi-
dermal cells at the node since cell death was induced
by the natural ethylene precursor ACC and was in-
hibited by simultaneous application of norbornadien,
an inhibitor of ethylene action (Bleecker et al., 1987;
Lorbiecke and Sauter, 1999). The cell death program
of cortical cells during aerenchyma formation was
also shown to depend on the transduction of an
ethylene signal (Drew et al., 1979; He et al., 1996).
Formation of air spaces, growth of adventitious roots,
and death of epidermal cells at the node adjacent to
the root primordia are adaptive processes that help
plants to cope with water logging or submergence. It
can be seen as an advantage that these processes are
induced by the same signal. With the different lag
phases of the ethylene-regulated responses the plant
ensures appropriate timing of cell death and cell
proliferation events.

Lateral and adventitious roots are both secondary
roots. Just like adventitious roots, lateral roots are
formed in response to environmental conditions and,
in fact, provide the major portion of most mature root
systems (Malamy and Benfey, 1997). Formation of the
secondary root system strongly determines a plants’
survival ability. Mutants exist in Arabidopsis (Celenza
et al,, 1995) and in maize (Hetz et al., 1996), which
have normal primary roots, but which lack second-
ary, i.e. lateral and adventitious roots, suggesting a
common pathway for lateral and adventitious root
formation. Thus understanding growth and develop-
ment of adventitious roots may be helpful in eluci-
dating growth and development of secondary roots
in general, including the long-standing question how
secondary roots traverse cortical and epidermal cells
(Bell and McCully, 1970; Kosslak et al., 1997).

MATERIALS AND METHODS
Plant Material and Incubation Conditions

Seeds of deepwater rice (Oryza sativa L., Pin Gaew 56)
were obtained from the International Rice Research Institute
(Los Barios, Philippines). Plants were grown essentially as
described (Sauter, 1997) for 12 to 14 weeks. Whole plants
were submerged in a 600-L plastic tank filled with tap water
at 25°C with approximately 30 cm of the leaf tips remaining
above water. Incubation was in an environmental growth
chamber under continuous light (200 uE m~2 s~ ). Control
plants were kept in the same growth chamber.
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To analyze the effects of the ethylene precursor ACC and
of NBD, an inhibitor of ethylene action on cell death at the
third node, isolated stem sections were used. These were
cut from 2 cm below the third highest node extending
upward with a total length of 20 cm. The sections contained
the third and the second node and the second youngest
internode between them. The sections were incubated in
150-mL beakers containing 25 mL of aqueous solution of
ACC at a final concentration of 10 mm or 10 mm ACC and
NBD at a concentration of 50 uL/L in the gas phase. The
beakers with the stem sections were placed in plastic cyl-
inders to ensure high humidity. Incubation was at 25°C
under continuous light.

To determine the length of the adventitious roots in
ACC-treated stem sections, roots were isolated from the
node and photographed through binoculars. The enlarged
photographed roots were then measured with a ruler and
root length was calculated to scale.

Evans Blue Staining

After submergence treatment of plants or treatment of
stem sections with ACC or ACC and NBD, the third node
was excised along a total length of 10 mm. The nodes were
stained in 2% (w/v) Evans blue in water for 3 min and
subsequently washed in water. Evans blue enters cells with
a freely permeable plasma membrane, that is dead cells
only (Gaff and Okong’O-gola, 1971; Kanai and Edwards,
1973). Microscopic analysis of staining patterns was per-
formed immediately afterward using binoculars. Cross-
sections were cut following Evans blue staining and wash-
ing to avoid staining artifacts from wounded cells.
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