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ABSTRACT

Ethylene and supraoptimal levels of 2,4-dichlorophenoxy-
acetic acid inhibit the growth of the apical hook region of
etiolated Pisum sativum (var. Alaska) seedlings by stopping
almost all cell divisions, Cells are prevented from entering
prophase. The hormones also retard cell division in intact root
tips and completely stop the process in lateral buds. The latter
inhibition is reversed partially by benzyl adenine. In root tips
and the stem plumular and subhook regions, ethylene inhibits
DNA synthesis. The magnitude of this inhibition is correlated
with the degree of repression of cell division in meristematic
tissue, suggesting that the effect on cell division results from
a lack of DNA synthesis. Ethylene inhibits cell division within
a few hours with a dose-response curve similar to that for most
other actions of the gas. Experiments with seedlings grown
under hypobaric conditions suggest that the gas naturally con-
trols plumular expansion and cell division in the apical region.

Growth of etiolated pea seedlings (38) and many other
plants is suppressed by ethylene at least in part because the
gas slows the rate of cellular expansion and causes roots and
shoots to expand isodiametrically rather than longitudinally
(4, 8-11). In pea seedlings several processes dependent upon
cell division are also inhibited by ethylene; for example, pri-
mary root elongation and lateral root formation (10, 11),
lateral bud development (7), and expansion of the plumular
leaf (18, 19). Therefore, the effect of the gas on cellular
division and DNA synthesis was investigated to determine
whether these processes also might be involved in ethylene-
induced growth inhibition. Applied ethylene and auxin gen-
erally affect the growth of pea seedlings in a similar manner
because auxin induces ethylene production (1, 4, 9, 23, 24, 32).
The present study compares the effects of 2,4-D and ethylene
on growth and cell division, and investigates the possibility
that endogenous ethylene, produced primarily in the plumule
and other auxin-rich meristematic cells (8, 18), naturally
controls the cell division frequency in these tissues.

MATERIALS AND METHODS

Seeds of Pisum sativum (var. Alaska) were soaked for 6 hr
in tap water, planted in moist vermiculite, and grown in
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complete darkness at 23 C and 80% relative humidity. Unless
otherwise indicated, 7-day-old plants with third internodes,
approximately 1.5 cm long, were selected for experiments on
plumular, stem, or bud growth, while 3-day-old seedlings with
primary roots, 1 to 2 cm long, were used for studies on root
growth. Pots of seedlings also were grown under hypobaric
conditions by placing them in a 10-liter desiccator which was
evacuated continuously at approximately 0.5 standard cubic
foot per hr with a vented exhaust oil-seal pump. The pressure
within the desiccator was maintained at 120 mm Hg by con-
tinuously admitting pure O, to the desiccator through a Mathe-
son No. 49 regulator (5). The incoming O, was saturated at
the reduced pressure by passing it through water.

Growth Measurements. All tissue was handled under dim
green light. A 5-mm stem region was demarcated with two ink
spots just below the hook; this is referred to as the subhook
region, and the region above it as the hook region. Groups of
potted plants were either gassed with ethylene in air tight
chambers, sprayed with 2,4-D, treated with a combination of
the two hormones or irrigated with 2,4-D solution. The
chambers were aerated for several minutes each day to prevent
accumulation of CO,, ethylene, or other gases, after which the
appropriate concentration of ethylene was replaced as re-
quired. In some cases seedlings treated with ethylene for
various periods of time were transferred to a ventilated space
to study their recovery from the action of the gas. Every 24
hr 10 plants from each treatment were harvested and the
region between the two spots and that above the upper spot
excised, weighed, and the length measured.

Bud growth was studied by the method of Wickson and
Thimann (7, 49) using 3-cm sections cut from the second node
of 7-day-old etiolated seedlings. Ten sections were placed with
their buds uppermost in a Petri dish containing 10 ml of 2%
sucrose, 5 mm potassium phosphate buffer, pH 6.8, and 5 um
CoCl, with or without 0.1 mM BA.? The Petri dishes were
sealed in desiccators, and in some cases sufficient ethylene was
added to yield a final concentration of 50 pl/1. Tissue was
incubated for 48 hr at 25 C with a 16-hr light cycle (1600 pw
per cm®, and then fixed and embedded. The buds were sec-
tioned and stained to determine the number of mitotic figures.

Tissue Staining and Determination of Cell Division Fre-
quency. Tissue was fixed in FAA, dehydrated with TBA, em-
bedded in Paraplast, sectioned, and stained with Delafield
Hematoxylin-Safranine. Mitotic figures excluding prophase
were located and counted with a camera lucida drawing attach-
ment. Variability is expressed as standard deviation. In some
cases a Feulgen staining procedure was used to distinguish
prophase from other stages of cell division.

3 Abbreviations: BA: benzyl adenine; FAA:

ethyl alcohol-
formalin-acetic acid, 6:3:1; TBA: fert-butyl alcohol.
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Determination of DNA Synthesis. Twenty sections were in-
cubated in 10 ml of medium containing 5 mM potassium phos-
phate buffer, pH 6.8, 2% sucrose, 1 um 1AA, and 5 uMm
CoCl, to which thymidine methyl-’H (specific radioactivity
18 mc/mmole) and 0.1 mM sodium penicillin G was added.
Either the entire hook, the 5-mm subhook region, or a 5-mm
root tip was used. At the end of the incubation period, the
sections were rinsed with distilled water and floated for 15 min
in distilled ice water to remove residual isotope from the free
space. DNA synthesis was determined using two methods:
extraction of DNA and historadioautography. Ten sections
from each treatment were used for DNA extraction and 10
sections for historadioautography. To extract DNA, tissue was
ground in a glass homogenizer with cold methanol and aliquots
removed for determination of total isotope uptake and in-
corporation into DNA. Aliquots were extracted twice with
cold methanol containing 50 mM formic acid, then washed
three times with cold 5% trichloroacetic acid containing 0.1
mM thymidine monophosphate, and the residue was collected
on a glass fiber filter (43). Total isotope uptake was measured
using 0.2 ml of the initial homogenate, and incorporation
of thymidine methyl-°H into DN A was determined by placing
the precipitate-containing filter paper discs in scintillation vials
containing 10 ml of Bray’s solution. For historadioautography,
tissue was fixed in FAA, dehydrated by means of TBA, em-
bedded in Paraplast, and sectioned. The ribbons were floated
onto slides coated with egg albumin adhesive, dried. the
paraffin was removed with xylene, and the slides brought to
water by means of an ethanol series. The slides were again
dried and then dipped in Kodak NTB2 nuclear track emulsion,
exposed in darkness at 4 C for 2 days. and developed in
Kodak D-19 developer (29). After sections were rinsed in
stop bath and fixed, they were stained with 0.1% aqueous
Toluidine Blue-O for 30 sec, brought to xylene, and perma-
nently mounted in Piccolyte resin mounting medium. Incor-
poration of thymidine methyl-’H into DNA was determined
by counting silver grains over labeled nuclei per 1000 cells =+
standard deviation.
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Fic. 1. Effect of ethylene and 2,4-D on the elongation of the
hook region in etiolated pea seedlings. Similar results were obtained
with 0.1 mM 2,4-D substituted for 1 mm.
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Fic. 2. Effect of ethylene and 2,4-D on the increase in fresh

weight of the hook region in etiolated pea seedlings. Similar re-
sults were obtained with 0.1 mm 2,4-D substituted for 1 mMm.

RESULTS

Effect of Ethylene on the Growth of the Apical Hook
Region. The hook of control plants elongates and increases in
fresh weight at a rapid, linear rate during a 4-day experimental
period (Figs. 1 and 2) whereas 50 pl/l ethylene, 0.1 or 1 mm
2,4-D, and a combination of the two hormones continuously
inhibits plumular growth by about 94%. As 2,4-D stimulates
ethylene evolution, the similar responses to 2,4-D and ethylene,
and lack of a synergistic effect, indicate that 2,4-D inhibits
growth of the apex primarily by inducing ethylene production.
No changes in the gross morphology of the plumule, other
than hook tightening, were caused by any of the treatments.
Growth continued to be inhibited for more than 10 days and
no new internodes formed as long as ethylene was present.
However, when plants were removed from ethylene after 1
or 2 days treatment and placed in a ventilated space, they
appeared to recover from the inhibition; within 8 to 10 hr a
variable but substantial increase in apical growth was ob-
served and subsequently the seedlings appeared to resume a
normal rate of elongation.

Effects of Ethylene on Cell Division. The cell division fre-
quency is reduced by 95 to 98% in the hook region of plants
treated with 50 pl/1 ethylene or either 0.1 or 1 mm 2,4-D
for 24 to 48 hr (Table I). The maintenance of a high cell
division frequency in the apex is contingent upon the con-
tinued attachment of the plumule to the plant. In three
replicate experiments it was found that within 12 hr after
plumules were excised from 7-day-old seedlings and placed in
a solution containing 2% sucrose, 5 mM potassium phosphate
buffer, pH 6.8, and 5 uM CoCl.. the cell division frequency
was reduced from an initial value of 547 to only 30 per 5
median 10 p thick longisections. After 36-hr incubation only
19 cell divisions were detected in the excised hooks, whereas
470 were counted in the plumules of intact seedlings at that
time. Throughout this period of time the isolated plumules
continued to grow by cellular expansion at a rapid rate,
reforming a subhook zone more than 1 cm in length. Because
isolated plumules failed to maintain a high cell division fre-
quency, no attempt was made to utilize them in subsequent
studies.
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Table 1. Effect of Ethylene and 2,4-D on Cell Division in the
Apical Hook Region of Etiolated Pea Seedlings

ETHYLENE EFFECT ON CELL DIVISION AND DNA

1 Number of Cell Divisions!
Treatment ; -

| Initial | 24hr | 18 hr

|
Control | 470 £ 32 525 + 66 430 + 45
Ethylene (50 ul/1) i 27 £ 4 16 + 9
2,4-D (0.1 mm) ‘ 21 + 4 29 + 11
2,4-D (1 mm) i 12 + 3 8§ +3

1 Number of mitotic figures (meta-, ana-, and telophase) in the
median 50 ¢ (5 median longisections, 10 ux per section) of the hook
region, including the leaves. Data are presented as average of four
replicate experiments, with standard deviation.

Ethylene inhibits cell division within a few hr (Fig. 3). After
2-hr treatment with 50 pd/1 ethylene, the number of metaphase
figures is reduced by 27%; after 6 hr, by 50%; and within 10
hr the inhibition is almost complete. Only metaphase figures
were counted because this is the earliest stage of cell division
recognizable by the Delafield Hematoxylin-Safranine staining
procedure, and therefore ought to be the stage most rapidly
depleted in the ethylene treated seedlings even if cells which
have started to divide complete division in the presence of the
gas. Recovery from ethylene treatment occurs rather slowly;
when plants exposed to the gas for 1 to 2 days were placed in
an ethylene-free atmosphere, the cell division frequency did
not increase substantially for 18 to 20 hr. At that time it was
still very low and highly variable, averaging only about twice
the number in plants maintained continuously in ethylene.
Within a few days it may recover completely, however, for
growth of the hook appears to occur at a normal rate by then.
Cell division has the same remarkable sensitivity to ethylene
as numerous other processes in pea seedlings; a threshold

119

response with 0.05 ul/l, half maximal at 0.2 wl/l, and a
complete effect with a few pl/1 ethylene (Fig. 4).

Ethylene interferes with cell division by blocking a stage
before prophase (Table II). Prophase and metaphase figures
decrease in frequency at about the same rate as the mitotic
index and more rapidly then anaphase and telophase, at least
initially. A Feulgen staining procedure was used in these
studies and zones of cells scored in the apex and plumular leaf.
No attempt was made to obtain median longitudinal sections
so the data do not present as accurate a time sequence as that
depicted in Figure 3 where all cells in the median 10 y zone of
five sections were counted. In using the Feulgen method it was
advantageous to select zones of farily active cell division in the
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F1G. 3. Time courses for the inhibition of cell division in the
hook region by 50 ul/l ethylene. Data represent the number of
metaphase figures in the median 50 x (5 median longisections, 10 x
per section) of the hook region.
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Table 1I. Effect of 100 ul/l Ethylene on the Percentage of Cells in
Various Stages of Mitosis in the Apical Hook Region of
Etiolated Pea Seedlings

o Percentage of Cells in!
Treatment :\II"I';’;;C
Pro- ’ Meta- Ana- l Telophase
hr 1 !
0 3.45 19 | 041 091 017
2 3.36 1.82 | 036 095 | 0.23
4 2.90 1.67 035 074  0.14
8 2.62 1.53 | 034 | 0.63  0.12
| | |

! Apices were fixed immediately after the treatment was con-
cluded. Percentages are based on counts of 6000 cells; 3000 cells
in three zones of the leaf and 3000 in three zones of the apical bud
in each case. Sections were stained by the Feulgen method.

Table I11. Effect of Ethylene and 2,4-D on Cell Division in the
Primary Root Apex of Pisum sativum

Number of Cell Divisions!

|
Treatment ‘
J Initial 24 hr 48 hr
Control ! 124 + 16 146 + 24 169 = 23
Ethylene (50 ul/1) 53+ 5 69 =+ 9
2,4-D (0.1 mm) ‘ 8+ 4 10 + 3

1 Number of mitotic figures (meta-, ana-, and telophase) in the
median 40 x (5 median longisections, 8 u per section) of 1-mm
root tips taken behind the cap. Data are presented as average of
four replicate experiments, with standard deviation.

ethylene-treated tissue in order to obtain a more accurate
estimate of the effects of the gas on various stages of division;
however, this approach tends to underestimate the rate and
intensity of the response to ethylene.

Ethylene also inhibits mitosis in lateral buds, and here BA
partially reverses the action of the gas. When nodal sections
containing lateral buds are incubated for 48 hr, apical domi-
nance is broken (7, 49); under these conditions in four replicate
experiments 170 = 42 cell division figures were found in five
median 8-y longisections of control buds and 200 = 25 when
0.1 mMm BA was added. Gassing the isolated sections with 50
ul/1 ethylene prevented all growth of the buds and no cell
division figures were detected. When BA and ethylene were
added together, the action of ethylene was partially reversed
and 48 = 3 cell divisions were detected after 48 hr.

Ethylene and 2,4-D also inhibit cell division in the primary
root apex (Table III). Cell divisions occur frequently in the
1-mm region just behind the root cap of control plants, but
the number is reduced by 60% in roots exposed to ethylene
for 24 or 48 hr. Irrigating the seedlings initially with 100 um
2,4-D almost completely stops cell division in the root apex,
reducing the frequency by about 95% (Table III). However,
the 2,4-D treatment markedly stimulates cell division in the
upper portions of the root (Fig. 5), and these divisions ulti-
mately give rise to lateral root initials. Root growth was not
measured, but previous studies with intact 3-day-old pea roots
have shown (11) that ethylene and 0.1 mM IAA alone or in
combination inhibit elongation by 60% and the rate of in-
crease in fresh weight by 50% during 8 to 24 hr.

No cell divisions could be detected in the subhook region of
control plants or plants treated with ethylene. Occasionally,
96 hr after application of 1 mm 2,4-D, a few divisions were
noted in areas of the stem which had split due to excessive
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swelling, but the frequency of these mitotic figures associated
with wounded tissue was very low.

Effect of Ethylene on DNA Synthesis. Ethylene inhibits the
incorporation of *H-thymidine into DNA both in meristematic
and nonmeristematic tissues (Tables IV and V). In no case did
the gas significantly alter total isotope uptake (Table IV)
calculated on a fresh weight basis, so the reduced incorpora-
tion into DNA must be caused by a lowered rate of DNA
synthesis. DNA extraction studies show that, in the apical
hook region (Table IV), ethylene treatment reduces the rate of
*H-thymidine incorporation into DNA by 74%, while in roots
it reduces the rate by 50%. Even in the subhook region, where
no cell divisions occur, ethylene inhibits the incorporation of
‘H-thymidine into DNA by almost 80% (Table IV). Histo-
radioautographic studies on incorporation of °*H-thymidine
into DNA (Table V) confirm the results obtained by direct
extraction of DNA. In the hook region ethylene reduces the
number of labeled nuclei per 1000 cells by 78%, in the root
apex by 50% and in the subhook region by 98%. The data
suggest that the frequency of cell division is determined by the
degree of inhibition of DNA synthesis in ethylene-treated
apices and roots (Tables IV, V).

Control of Leaf Expansion and Cellular Division by Endog-
enous Ethylene. When plants are exposed to hypobaric con-
ditions, the outward diffusion of endogenously produced
volatiles is enhanced because the diffusion coefficient of these
volatiles in air, and hence their rate of escape from the tissue,
is inversely related to the density of the air. Consequently, if
no change in the rate of ethylene evolution occurs, the
endogenous concentration of ethylene at equilibrium is dimin-
ished in direct proportion to the reduction in atmospheric
pressure (5). To avoid O, depletion and desiccation under hypo-
baric conditions, the plants were continuously ventilated with
pure water-saturated O, at 120 mm Hg. the lowest pressure
under which we have been able to grow pea seedlings at a
completely normal rate (2). When 3-day-old seedlings are
transferred for 4 days to hypobaric conditions the hook
opens and the plumular leaf expands (Fig. 6). In four replicate
experiments the hook region of 7-day-old control plants con-
tained 498 =+ 26 mitotic figures (meta-, ana-. and telophase) in

ETHYLENE

CONTROL

24D

FiG. 5. Location of cell division figures (excluding prophase) in
the median 7 u longisection of a 5-mm root tip from a 3-day-old
seedling. Ethylene (50 ul/1) or 2,4-D (0.1 mM) was applied for 24
hr to 2-day-old seedlings.
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Table IV. Effect of 50 pl/l Ethylene on Incorporation of
SH-Thymidine into DNA in the Apical Hook, Root Tip, and
Subhook Regions

Twenty sections were incubated in 10 ml of media containing
5 mm potassium phosphate buffer, pH 6.8, 5 uM CoCl,, 29, sucrose,
0.1 mMm sodium penicillin G and 3H-thymidine (18 mc/mmole).
Five uc/ml of isotope was used with the apical hook and subhook
regions, and 1 uc/ml with the root tip. The hook regions from
8-day-old control plants, or plants of similar age pretreated with
ethylene for 24 hr, were incubated for 5 hr and then a 1-mm region
near the cut surface was excised under a dissecting microscope.
The 1-cm subhook region was cut from 8-day-old control plants of
similar age pretreated with ethylene for 24 hr and incubated for 4
hr before the entire section was used for DNA analysis. A 5-mm
zone of primary root tip from 4-day-old control seedlings, or
plants of similar age pretreated with ethylene for 24 hr, was incu-
bated for 1 hr, after which 1-mm sections were cut from behind
the root cap using a dissecting microscope. Ten sections were
used for each analysis, and data represent the average of four
replicate experiments with standard deviation.

h Total 3H- .
\&iegsht Thymi?l'i:L’Uptake DXNA
rloms cpm X 1072
Apical hook i
Control b33 10.7 2.0 | 1.36 = 0.2
Ethylene 38 13.5 + 2.3 | 0.26 + 0.09
i
Root tip
Control 5.0 59.0 = 8.0 1.25 = 0.2
Ethylene 5.9 70.0 £ 9.1 0.65 + 0.08
Subhook region
Control 465 835 + 104 11.6 + 2.1
Ethylene 580 970 + 121 24 +0.7

Table V. Historadioautographic Studies on the Incorporation of
3H-Thymidine into DNA of the Root Tip, Hook, and Subhook
Regions of Ethylene-treated Tissue

After exposure to *H-thymidine, as in DNA extraction studies
(Table III), 10 stem or root sections were fixed and embedded.
Stem regions were sectioned 10 ¢ and roots 8 u thick. Radioauto-
graphs were prepared and silver grains over labeled nuclei were
counted. Data are presented as average of four replicate experi-
ments, with standard deviation.

1

! Labeled Nuclei

Region
{ Control Ethylene (50 ul/1)
no. per 1000 cells
Hook 148 + 10 33 =8
Subhook 95 £ 16 2410
Root tip 138 + 8 64 £ 5

five 10-u median longisections, whereas the treated plants had
1280 == 40 cell divisions in the same tissue. The distribution of
cell division figures within the hook region of plants grown
under hypobaric conditions differed from that in control
seedlings. In control plants the number of cell divisions in
the plumular leaf was almost the same as that in the hook
elbow (Fig. 7), whereas plants grown under hypobaric con-
ditions had numerous cell divisions in the plumular leaf but
only a slight increase in the hook elbow as compared with
the control. The large number of cell divisions in the
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plumular leaf probably accounts for its expansion, and the fact
that cell division frequency increases when the atmospheric
pressure is reduced suggests that mitosis in the plumule is
limited in rate by an accumulated volatile. Since ethylene is
specifically synthesized in the apex (8, 19), and as very low
concentrations of ethylene inhibit cell division, this olefin must
be the volatile controlling cell division in the plumule. Lateral
buds in pea, however, are not released from apical dominance
under hypobaric conditions (Fig. 6). This suggests that, while
endogenous ethylene may limit the rate of cellular division in
expanding apices and buds, it is not responsible for the lack of
cell divisions in lateral buds which have not been released from
apical dominance, at least in the case of pea seedlings.

DISCUSSION

Auxins such as 2,4-D and IAA inhibit cell division in root,
shoot, and lateral bud primary meristems but stimulate mitotic

FiG. 6. Control of leaf expansion and hook opening by endoge-
nous ethylene. Three-day-old seedlings which had developed in air
were grown for 4 additional days at 120 mm Hg pressure of O, or
under normal atmospheric conditions. Note the leaf expansion and
hook opening in plants grown under hypobaric conditions (left)
compared to control plants of the same age (right).

ETHYLENE

CONTROL 24D

Fi1G. 7. Location of cellular divisions in the medium 10 ux longi-
section of the apical hook of 8-day-old etiolated pea plants. Ethylene
(50 w1/1) or 2,4-D (0.1 mMm) was applied to 7-day-old seedlings for
24 hr.
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activity in expanding or mature, nondividing cells of roots and
shoots (14, 20, 28, 44, 46). Auxins also stimulate cambial
activity in stems (46) and are required for mitotic activity and
DNA synthesis in tissue cultures (39). We find that auxins
inhibit cell division in the primary meristem of the pea root,
lateral bud and shoot, and that they stimulate mitotic activity
in the elongating zone of the root. We did not observe a
stimulation of cell division in the subhook region of pea plants
sprayed once with 0.1 or 1 mmMm 2,4-D, presumably because
insufficient auxin penetrated the cutinized surface. However,
when pea seedlings are decapitated and 0.5% IAA is applied
in lanolin paste to the stump, cell divisions and massive syn-
thesis of DNA, RNA, and protein are induced within 1 to 2
days (17, 42). The synthesis of new DNA is directly asso-
ciated with cell division, for both are specifically prevented by
S-fluorodeoxyuridine (17). These cell divisions, just like those
induced by auxin in pea roots, give rise to lateral root initials
(42). Similarly, cell divisions leading to root initiation can be
induced by placing pea stem cuttings in auxin solutions (46).
Thus, with respect to the effect of auxin on cell division, the
pea plant generally behaves in a typical manner. The degree
to which auxin inhibits cell division in the primary meristem of
Pisum sativum roots is closely similar to that reported in
Zebrina pendula (28), Allium cepa (44), and Vicia faba roots
(14) exposed to comparable concentrations of IAA or 2,4-D
(10-100 uM). The data presented in the present communica-
tion indicate that this effect of auxin on root meristems, as
well as the inhibitory effect on stem and lateral bud meristems,
is mediated by auxin-induced ethylene. The similar actions of
50 wl/1 ethylene and 0.1 or 1 mm 2,4-D on growth and cell
division in the hook region, and lack of any synergistic re-
sponse, suggest that 2,4-D inhibits cellular division and growth
in the plumule by inducing ethylene production. A very high
concentration of auxin, especially a nondegradable synthetic
auxin like 2,4-D, can exeri a herbicidal effect independent of
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Fic. 8. Effect of ethylene on pea seed germination and growth.
Seeds were imbibed for 4 hr, sown in pots, and immediately placed
for 4 days in a desiccator with 50 ul/l ethylene continuously present
(right). Control plants (left) of the same age have root and shoot
systems of equal size; seedlings treated with ethylene have almost
no shoot systems, whereas root growth has been depressed to a
lesser extent. Note swelling and plageotropic growth of the ethylene-
treated roots.
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and/or in addition to the action of auxin-induced ethylene
(1, 4, 10, 11, 23, 36). This action of 2,4-D undoubtedly
accounts for the fact that 1 mm 2,4-D depresses the rate of cell
division in the plumule to a value slightly but significantly
lower than that observed with ethylene or 0.1 mMm 2,4-D
(Table I). Herbicidal effects occur in roots at even lower auxin
concentrations than in stems (28), so that in roots the growth
inhibition caused by auxin-induced ethylene production almost
invariably is accompanied by a direct inhibitory action of
auxin (10, 11). It is not surprising, therefore, that in roots 0.1
mM 2,4-D is more inhibitory to cell division than ethylene
alone (Table I); in fact, 1 mm 2,4-D cannot be used in these
experiments because it kills the roots. Growth of pea buds
released from apical dominance is completely prevented by
ethylene or a concentration of IAA which induces substantial
ethylene production, and these inhibitions are reversed by
kinetin (7, 49). We find ethylene, like auxin, to prevent cell
division in pea buds released from apical dominance, and the
cell division factor BA to reverse partially the effect of the gas.
Thus in the plumule, root and shoot of pea seedlings the
inhibitory action of auxin on cell division in the primary
meristem is partly or wholly due to auxin-induced ethylene
production except that at very high auxin concentrations a
direct herbicidal action also contributes to the effect.

Stimulation of cell division by auxin in expanding, or
mature, nondividing tissues does not seem to depend upon, or
be influenced by, auxin-induced ethylene production in most
cases. Ethylene stimulates adventitious root formation in
several species which tend to form adventitious roots spon-
taneously, or readily in response to auxin (13, 50, 51). In part,
this response to the gas may be due to the fact that ethylene
irreversibly inhibits polar auxin transport (6, 22, 37). The
rooting response only appears after ethylene is removed, and
might be caused by subsequent accumulation of auxin in
tissue formed above the transport block during the period of
recovery. Whether or not ethylene participates directly in
adventitious root formation after auxin application cannot yet
be decided, but it is highly unlikely that this generally is true,
for ethylene application rarely stimulates root formation
whereas auxins frequently have this effect. Similarly, the in-
duction of cell divisions in the elongating zone of roots and
shoots by auxins cannot be due to auxin-induced ethylene
production since ethylene alone does not cause this effect. On
the other hand, auxin and ethylene cause intumescence forma-
tion on stems and roots (13, 15, 20, 47, 50) and both regulators
induce periderm expansion in roots (3, 13, 50). Ethylene has
little effect on the growth of tissue cultures (32) except to
stimulate it in a few cases (45). In summary, those tissues in
which auxin stimulates cell division sometimes respond to
ethylene in like manner but, in general, the stimulation by
auxin cannot be ascribed to or even associated with auxin-
induced ethylene production. On the other hand, ethylene
does not seem to inhibit cell divisions in tissues which are
stimulated to divided by auxin.

When TAA inhibits cell division in the apical meristem of
Vicia faba roots it reduces the extent of metaphase delay and
prevents entry of cells into prophase (14, 48). In roots of
Vicia faba treated with 100 um IAA for 3 hr, a fall in mitotic
index occurs 3 hr later and the cell division frequency reaches
a very low value within 24 hr. Studies with *H-thymidine
reveal that under these conditions G2 cells are not affected,
but cells labeled in S fail to reach prophase (48). Vicia faba
roots (31) are very sensitive to applied ethylene, responding in
exactly the same manner as pea roots (11). The mechanism
by which ethylene inhibits cell division is connected intimately
with the effect of the gas on DNA synthesis. That the suppres-
sion of DNA synthesis by ethylene does not result from
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rather than cause the inhibition of cell division is suggested by
the fact that ethylene inhibits DNA synthesis even more
markedly in the subhook region where cell division is not
occurring than it does in meristematic tissue (Tables 1V, V).
The timing of the ethylene inhibition of cell division in the
pea plumule (Fig. 3) is closely similar to that for auxin in-
hibition of cell division and DNA synthesis in roots (14, 48).
Moreover, both 2,4-D and ethylene have been found to
inhibit DNA synthesis in the soybean apex to the same degree
(25) and it has been reported that tomato plants sprayed with
ethylene have a reduced content of DNA (40). These facts,
and the observation that ethylene blocks cells division at
some stage prior to prophase (Table II) are all compatible with
the idea that auxin inhibits mitosis in primary meristems by
inducing ethylene formation. It is not clear, however, whether
ethylene not only prevents DNA synthesis but also (like auxin)
blocks the progression of S cells into prophase.

In roots, shoots, and lateral buds released from apical
dominance, ethylene inhibits growth to the extent that it in-
hibits cell division and DNA synthesis (7, 10, 11, 49; Fig. 1,
2; Tables I, III-V). Since ethylene almost completely stops
cell division in the shoot apex but is only partially effective in
inhibiting cell division in the root, it nearly stops shoot devel-
opment but only partially inhibits root development in pea
seedlings grown continuously in the presence of the gas for
4 days after seed imbibition (Fig. 8). Ethylene only inhibits
the rate of cellular expansion in the intact shoot of etiolated
peas by about 65% and similtaneously prolongs the duration
of the expansion phase of growth (2), so this action of the gas
cannot account for a nearly total inhibition of shoot develop-
ment. Thus in the plumule, root and lateral buds of pea
seedlings, growth inhibition caused by ethylene must be due
mainly to suppression of cell division.

The observation that ethylene and auxin inhibit cell division
in meristematic tissue, coupled with our recent finding that
the gas prolongs the phase of cell expansion (2), help to ex-
plain why ethylene or applied auxin inhibits the growth of fig
fruits (33, 35) treated during the stage of cell division (phase
I), whereas both hormones enhance growth if applied in phase
II. Similarly, ethylene inhibits the growth of rice coleoptiles
if applied during the stage of cell division, but prolongs their
growth markedly if applied later (30). Fern gametophytes form
fewer but larger cells when they are grown in the presence of
ethylene, and spore germination is prevented because the
cells do not divide (35). Both ethylene and auxin prevent
potato buds from sprouting (16, 21), and both inhibit growth
of the soybean apex but stimulate expansion of its hypocotyl
(25). Thus, the combined effects of ethylene on cell division
and the duration of cell expansion explain many of the overall
growth responses to the gas.

Ethylene is produced mainly in the apical hook of the
etiolated pea seedling (8, 19). The endogenous content of the
gas is sufficiently high in the pea and bean hook to prevent
hook opening, but when ethylene production is depressed
under the influence of red light, these hooks unfold (8, 18, 26,
27). The hook opening response cannot depend upon any
effect of ethylene on cell division because it occurs in excised
pea apices, in which cell divisions are almost completely lack-
ing. The amount of ethylene required to prevent light-induced
hook opening has been determined (26), and must approximate
0.2 pl/l, the quantity of ethylene needed to maintain the
etiolated hook in a nearly closed configuration. The light-
induced hook opening response has the same sensitivity to
ethylene as most other processes affected by the gas (9) in-
cluding cell division. Apparently the hook normally contains
somewhat less than a saturating concentration of ethylene,
because applied gas causes the hook of etiolated control plants
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to tighten significantly (8, 26), and CO,, a competitive in-
hibitor of ethylene action (8), opens the hook almost com-
pletely (19, 26). Since cell division and hook opening are
equally responsive to applied ethylene, it follows that if the
plumule normally contains enough ethylene to maintain the
hook in a closed configuration, sufficient gas must also be
present to influence the frequency of cell division. This pre-
diction is supported by the finding that, when endogenous
ethylene is removed under hypobaric conditions, the cell divi-
sion frequency increases, the plumular leaves expand and the
hook opens. These changes are similar to those caused by red
light when it inhibits ethylene production, and by CO. when it
displaces ethylene from its receptor (8, 19, 26). The data sup-
port the view that light-induced plumular expansion (19) and
the frequency of cell division in the apex are controlled by the
action of endogenously produced ethylene. Possibly the divi-
sion frequency of root apices also is limited by ethylene pro-
duction, for CO., stimulates root growth (41). In both cases
endogenous auxin could exert feedback control over the cell
division frequency by regulating ethylene production.
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