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Summiarv. The produiction of ethylene by etiolated pea epicotyls (Pisuim sativum11
L., cv. Alaska) is confined to the plumule and plumular hook portion of the epicotyl,
and occurs at a rate of about 6 pLlkg-l.hr-1. Such a rate is sufficient to give physio-
logically active concentrations of ethylene within the tissue. Exposure of etiolated
seedlings to a single dose of red light caused a transient decrease in ethylenc pro-
duiction and a corresponding increase in plumuilar expansion. Far-red irradiation
following the red light treatment decreased the red effect to the level achieved by the
far-red alone, suiggesting that the ethylene produiction mechanism is controlled by
phytochrome and thuis that the ethylene intervenes as a regulator in the phytochrome
control of pltimuilar expansion.

A relationship between the production of eth-
ylene an(l the inhibition of plumular expansion in
etiolatedI pea epicotyls can be 'deduced from several
recent observations. First, the rate of ethylene
productioin in the growing epicotyl does not increase
in proportion to the increasing mass or ntumber of
cells (5). This suggests that the produiction of
ethylenle nmay be restricted to a partictular zone of
tissue with a relatively constant mass or cell nuim-
ber. Secotnd, application of low concentrations of
ethylene to light-grown seedlings can maintain the
very slow rate of leaf expansion characteristic of
etiolated seedlings (3). Third, Burg ancl Buirg (1)
have shown that stem sections taken from light-
grown pea seedlings produce less ethylene when
treate(l with IAA than similarly treated sections
from dark-grown plants. Finally, since this work
was completed, Kang et al. (6) have reported that
the red light-induiced opening of excised bean
hvpocotyl hooks can be prevented by application of
ethylene, anld that the light redutces the pro-dutction
of ethylene by the hypocotyl hook segments.

Localiz:ationi of Ethylene Production. Pea seeds
(Pisinsz satizviin L., cv. Alaska) were planted 1 cm
deep in vermicuLlite contained in perforated plastic
trays, which were allowed to stand in deionized
water for 6 hours to soak the seeds. The dlrained
travs were then placed individutally in sealed metal
containers and provided with a constant flow (10
litersbhr-1) of humidified air at 250. The seed-
lings were transferred to the test chambers 4.5 days
after planting. Each cham,ber (5) consiste(d of a

1 This investigation was supported in part by a re-
search grant (EF-00156) from the Division of Environ-
mental Engineering and Food Protection, United States
Public Health Service.

glass cylinder, 3.5 cm inside diameter and 10 cm
long, closed at top and bottom by a 1.0 cm thick
closed-cell foam neoprene stopper. The upper
stopper was fitted with glass inlet and outlet tubes;
slits in the lower stopper supported and formed a
gas tight enclosure around the ep.cotyls of 6 seed-
lings with various portions of the epicotyis pro-
trtuding into the chamber. In one set of 5 chambers
only the plumule and the plumular hook of the
seedlings were enclosed. In another set the plumule,
hook, and 1 cm of stem were enclosed, and in the
third set the plummule, hook, and 3 cm of stem.
Estimates of ethylene production were made about
2 hours after transfer by measuring the concentra-
tion of ethylene in the effluent air stream from the
chambers (5). Refinements in our gas cihroma-
tographic technique have made it possible to obtain
a peak 25. mm high above a background noise level
of + 3 mm with 0.001 ppm of ethylene in a 5 ml
air sample. The experiment was conducted twice
and the resuilts were combined to give 10 samples
of 6 epicotyls each for each of the 3 amounts of
enclosed tissue (table I).

In ouir previous work (4) the rate of ethylene
prodtiction was incorrectly reported as 0.006 mpi
per epicotyl per houir. The correct figure is 0.06
(or 60 in the units of table I). From the values
of table 1, it can be seen that no additional ethylene
is obtainable by enclosing more than the plilmular
part of the epicotyl.

The foam neoprene support sturrouinds a 10 mm
portion of each epicotyl, in addition to that which
protrtudes into the chamber. The direct escape of
ethylene prodtuced in this portion, if any, will be
prevented, and any such ethylene will diffuse tup the
stem into the chamber or down the stem to the
exterior. Therefore, we can resolve the soturce of
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Table I. Localization of Ethvlene Production
in Pea Epicotyls

Various portions of the epicotyl of intact, etiolated
pea seedlings were enclosed in small cylindrical glass
chambers, and the rate of ethylene produiction was de-
termined by measuring the net concentration of ethylene
in the effluent air stream as steady state conditions were
approached (about 2 hrs after enclosure).

Portion of seedling Total rate of ethylene production
enclosed in chamber 106X mm3plant-l'hr-1

Plumule + plumular hook 55 + 8
Pluimule + hook + 1 cim of stem 52 4 6
Plumllle +lhook + 3 cm of stem 57 q 6

ethylene, at best, to within about 5 mnm of a given
point along the axis. It mayvbe fairly stated that
all of the detectable ethylene evolves frolmi a zone
of tissuies beginning abouit 5 mnm below the base of
the plumnilar hook and extendnig upxward throuigh
the plumnile. At least 90 % of this ethylene is
probably evolving from the plniule and(l the plumri-
lar hook alone and( iioi(ore tha<n 10 % from ; mm
of the stem just below the hook. The total fresh
weight of the plulmtular- porItiOn of 4.5 (day ol( seed-
lings is between 8 aid(I 10 mg, so ethlylene i. being
produiced at a rate of about 6 ,ulkg 14'r-. This is
almost 3 times greater than the highest rate of
production by pea epicotyls un(ler conditions of
mechanical stress ( 5), 'so the internal concentration
must be well within the phxsiologically active range.

Efft'(-c-s of Light onl E'thWlcnc Productiont antd
Plutinular Expansion. Gertination anid Manipiua-
tion1 of Planit Material. Seedlings to be used for
the measurenm,ent of plumniular expansion were grown
in simall plastic pots in the manner dlescril)e(l above.
Abouit 10 % to 15 % of the seedlings from otur seed
lot hadl pllmllles w\hich wvere abnormal in shape
and size and 'which did not expandc in the charac-
teristic miiannier after expossure to light. These can
be detected in the early stages primarily by their
association with unusually short epicotvls. To
avoi(l this sonirce of variabilitv, andl because ger-
mination is less than 100 %, 15 seeds were planted
in each pot, aind only the 10 tallest seedlings in each
pot wNere eventuially use(l.

At appropriate intervals a sample of 2 pots,
yieldinig 20 seedlilngs, was removed from the light-
treated group, and likewise from the dark controls.
The pltumtiles were cut at the base of the third leaf,
weighe(d individuially, and the resuiltilng (lata plotted
as cumulative fresh weight against time (21). The
relative growth cuirve (fig 1) was compuitedI by
determining the tangent of the original growth
curves at frequent intervals and dividing the slope
of the tangent of the treated plant growth cturve
by that of the controls.

Seedlings to be uised to measuire the effects of
light on ethylene production were germiiinated as
usual and tllen tran-4erred to test chamlbers 3 days
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after planting. The transfer of the seedlings leads
to a small transient decrease in ethylene production
and an increase in plumular expansion beginning
abotut 2 hours after transfer and returning to nor-
mal by 20 hours. While this leads to an increase
in the absolute size of the plumuile, the growth rate
(as change in wt pe,r unit time per uinit initial wt)
also returrns to that of the seedlings left in the
germination trays. Because of the above behavior,
at least 24 hoturs were allowed to elapse between
the tranisfer of the seedlings and the first measuire-
ments of growth and ethylene pro(lu1ction. The
chambers were then tested for leaks or abnormal
levels of ethylene (usually associated with inju'red
seedlings), defective samples were eliminated, and(
the dark-rate of ethylene production was determine(d
for all remaining samples (usually 6 control and
6 treated chambers). These chambers were smnaller
than those previously described (2.4 cim inlside
(liameter ai-d 9 cm long), with glass tops to allow
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FIG. 1. The effect of a 60 second exp)osure of broad
band red light (40,000 ergs-cm-' total dose) on plumular
expansion and ethylene production in etiolated Alaska pea
seedlings. The curve of relative plumlular expansion
[(d wt/dt-wt) treated] was estimated fronm short seg-
[ (d wt/dt.wt) control]
ments of cumulative growth curves. similar to those
found bv Furuva and Thomas (2). Eth!xlenie production
was determined from the net concentration in the efflu-
ent air stream from chambers enclosing the upper part
of the epicotyls. The relative ethylene production rate
(treated/control) is presented on a log scale, since pre-
liminarv experiments showed leaf expansion to be in-
versely proportional to the log of the concenitratioin of
ethylene treatments (Goeschl an(d Pratt, uipublished).
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direct exposure of the epicotyls to light. Six such
assemblies were placed in a controlled temperature
cabinet at 250 for eventual light treatment, and
another 6 in a similar cabinet in continuous dark-
ness. The individual chambers were connected to
a manifold of capillary flow meters sulpplying an
inflow of 40 ml/hr of humidified air to each
chamber. Determining changes in the rate of
ethylene production by measuring the concentration
of ethylene in a 40 ml per hour effluent from a
40 ml free volume chamber results, theoretically,
in a 2-fold decrease in the apparent rate of suich
changes. This has been verified experimentally by
supplying an empty chamber with known btut con-
stantly changing amounts of ethylene and measur-
ing the resulting changes in effltuent concentration.
A correction factor based on these mneasurements
was tused in cal-culating the changes in ethylene
production.

Light Souirces. Transplanting and other manip-
ulations were conducted tunder a dim green light,
consisting of a Luxo drafting lamp with 2 15-watt
fluorescent tubes filtered with two 3 mm thick
layers of green Plexiglas, 2 similar layers of blue
Plexiglas, and 3 layers of 0.4 mm sheets of amber
acetate. This system gives a peak emission at
525 mp (50 mjt width of onie-half pealk emission);
it is very dim, aind does not cauise photomorphogenic
effects witlh as mulch as 30 mintutes of exposture.

A bank of 6 24-inch, 20-watt, GF warm-white
fltuorescent builbs was eq(uipped with a filter con-
sisting of two 3 mm sheets of red Plexiglas (No.
2423), three 0.4 mm sheets of amber acetate, and
a 3 mm pyramid pattern Plexiglas diffuser. The
emission spectruim of this system was estimated
from the absorption spectruim of the complete
filter andl the published emission spectruim of the
lamps. MTUeasutrements at the plant level, with ani
Eppley thermopile and the appropriate cut-off
filters, indicate about 660 ergs cn-2sec of radia-
tion distributted in a spectrum essentially the same
as that show\n by Fuiruiya and Thomas (2). The
plants to be treated were illulminated for 60 seconds
at a distance of 80 cm. Tchis exposuire gave ap-
proximately 40,000 ergs cm 2, or abotut 4 times the
satuirating dose for the stubsequent transient growth
response (2).

The far-red light soturce consisted of 5 300-watt
clear internal reflector spot lamps filtered through
10 cm of water and two 3 cm thick sheets of West-
lake Plastic's FRF 700 far-red filter material. At
plant level (50 cm below the filter) the intensity
was about 150,000 ergs.CMn2*sec'1 total energy, of
which about 10,000 ergs cm-2*sec-1 is in the region
between 710 and 745 m/a.

Effect of Red Light. The 60 sec red light
treatments caused a marked deceleration of ethylene
production beginning possibly within 2 hours and
becoming statistically significant by 2.5 hours (fig
1). Closely following the decrease in ethylene
production was an acceleration in he rate of

plumular expansion which was just significant at
3.5 houirs. As in the data of Furuya and Thomas
(2), there was still very little difference in the
absolute size between the light- and dark-grown
plumutles, but a plot of the growth rates from
several measurements before and after this time
shows a sharp inflection, possibly as early as 2.5
hours. By 6 hours the evolution of ethylene had
diminished to 8 to 10 % of that of the dark con-
trols, and by 9 hours only trace quantities of
ethylene could be detected from most samples and
none at all from the others. At the same time the
growth rate reached a maximum.

Twelve hours after the light treatment, all of
the samples began to produce measurable quantities
of ethylene again, and the rate of production in-
creased until, by 24 hours, ethylene evoluition had
increased more than 10-fold above the minimuim.
Individual sets of plants were discarded at various
times during the following hours as some of the
plants began to push against the tops of the cham-
bers. However, ethylene evolution contin:ied to
increase in all remaining sets of plants and, in 2
sets which remained until 32 hours, the production
of ethylene reached nearly 80 % of the control level.

As the plants recovered their ability to produce
ethylene in the dark, there was also a (leceleration
of pltimullar expansion. By 48 houirs after treat-
ment (not shown onl fig 1) the rate of pluminitlar
expansion had decreased to the level of the dark
controls. This recovery of ethylene productioni, and
accompanying reduced growth rate, are of coni-
siderable irterest, since they may be coivsidere(d as
aspects of re-etiolation. This entire experiment
was repeated using 4-day-old seedlings, an(l all
relationships were the same as above, butlt the over-
all response was somewhat slower.

Effect of Far-red Light. The transient inicrease
of pluimular expansion induced by red light has been
showvn previously (2) to be controlled by phyto-
chrome. If the endogenous production of ethylene
is involved in regulating plumuilar expanision, then
it too must respond to the action of phytochrome.
To test this, seedlings were enclosed in chambers
as described above and given treatments of red,
far-red, and red followed by far-red light. Pre-
liminary tests with the far-red light source had
shown that it would induce a growvth response
eqtuivalent to about 40 % of the maximum red
light response.

The magnitude of the response was the same in
the range from 10 to 120 seconds of exposuire, so
20 seconds of far-red light was chosen as a con-
venient working time. This exposure gives a total
dose of abotut 2 X 105 ergs om-2 of activ-e far-red
light. A red light dose of about 6600 ergs cm-2
(10 sec) was chosen to produce between 70 and
80 % of the maximum response.

A set of 5 chambers with 6 plants in each
chamber was used in each of the following treat-
ments: A) dark control, B) red light exposture of
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Table II. Far-red Reversal of Red-Lighit iniduced Chatnges in Ethylcne Production and PluInular Expansion

(A) Dar'.
(B) Red
(C) Far-red
(D) Red : far-red

Ethylene production
106X mm3-plant-lhr-1

52 + 7
10 + 2
22 + 3
19 ± 3

Plumlular growth
mg-hr-'.mng-l tissue

0.011
0.074
0.033
0.037

-+- 0.002
-+- 0.009
+- 0.006
+ 0.006

6600 ergscm-2, C) far-red light expostire of 2 X
10- ergs cm-2, and D) an exposure to red followed
by far-redI light at the sa,me dosages given in the
separate treatments. Measurements of ethylene
prodtuction and growth were made at about 2-hour
intervals to be sture that all of the treatments fol-
lowed the same time couirse. As in the earlier
experimicenit, the responses reached a maxilmum be-
tween 8 onlld 10 hotirs after treatment. The rate
of groxxwth showvn in talble II is based oni the weight
increase between 9 and 10 houirs, and ethylene pro-
duiction wvas measuired at 9.5 houirs.

As seeni in table II, and as suggested by pre-
limnnary tests, the far-red light induces a small
decrease inl ethylene produiction and a partial ini-
crease in pluimular expansion. These effects of
far-red light can be expected since the absorption
spectruml of the PR form of phytochrome extends
illto the region of the spectruim coveredl bw otur
light sotirce. The similarity in behavior between
the far-red and red.far-red treatments (table II)
suiggests that the red light eiffect on ethylene pro-
dltictioin is inideed far-red reversible anld, therefore,
that it is controlled by the phytochrome system.
Recalctilation of the data of table II to the form
of figuire 1 shows that in each treatmenit the
changes in rate of plumullar expansioni are nearly
proportional to the log of the changes in ethylene
proclductio i.

Discussion

It is clear fronm these resuilts that a good cor-
relation exists between the photo-induced decrease
in ethylene production and increased plurmutlar ex-
pansioIn. In considering the possibility of a catusal
relationship between the changes in ethylene pro-
duction andI growth, we might expect the light-
indtuced changes in ethylene production to precede
the corresponding changes in growth. This is
emphasized becatuse of the evidence (1) that the
growth of pea stem segments does not appear to
responid to ethylene uintil after 3 hoturs. WVe may
test for suich a time seqtlence by selecting any 2
points of equlal ethylene production in the dlescend-
ing and ascending phases (fig 1), stuch as the points
intersected by line (a). Vertical lines (b) an(l
(c), constru-cted from these points, intersect the
growvth c-urve at slightly different levels, depicted
by segment (d'). We must point otut, however,
that the ethylene produiction ctirve is based on the

gross amotint of ethylene evolving from the plu-
mular region, and that we do not know to what
extent its production may lie fuirther localized within
that region. Fuirther, the fresh wveight and vol-
time :surface ratios are increasing at variouis rates
duiring the experiment, which makes it difficult to
relate the ethylene and( growth (lata on a strictly
comparable basis. We have, however, estimate(d
the ethylene produiction rates on a fresh wveight
basis and fro,m them in tuirn have estimatedI the
possible internal conicentrations as previously (le-
scribed (3). Allowing the widest latitude, we have
found that the time delav may be as short as 1
houtr with respect to the chosen interval (fig 1)
and may be, therefore, statistically insignificant.
In no way, however, do the resuilts suggest that
the growth responlse caIn precede the ethylene re-
sponse.

That the correlation between the changes in
ethylene prodtuction and pltimtlar expansion is more
than coincidlental is suiggeste(d by the fact that the
far-red or the red/far-red catises an acceleration o,f
growth which can lie accounted for quantitatively
by the decrease in ethylene. These same (lata also
demonstrate the control of ethylene by the phyto-
chrome system which is an imiportant step inl estab-
lishing a causal relationship, since the growth re-
sponse had been shown previouisly to be icontrolled
by the phytochrome system.
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