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Swmmary. Synthesis of anthocyanin pigments in etiolated cabbage seedlings
is influenced by ethylene at concentrations higher than 10 ppb, and etiolated
seedlings produce sufficient ethylene to influence their anthocyanin synthesis.
When escape of endogenous ethylene from this tissue is enhanced by means of
hypobaric treatment, anthocyanin synthesis is accelerated. Stimulation of antho-
cyanin synthesis by brief red illumination is completely prevented by applied
ethylene and indoleacetic acid inhbibits anthocyanin synthesis by stimulating
ethylene production. Red light reduces endogenous as well as auxin-induced
ethylene production and there is a close correlation between light-induced inhibi-
tion of ethylene synthesis and stimulation of anthocyanin formation. We suggest
that in part photo-induced anthocyanin synthesis is due to a lowered ethylene
content in light-treated tissue.

Introduetion

Although more than one photosystem may be involved in light-
induced formation of anthocyanin pigments (Grill and Vince, 1964;
Downs et al., 1965; Scherf and Zenk, 1967; Schneider and Stimson,
1971, 1972), a major portion of the photoresponse is mediated by phyto-
chrome, at least in some cases (Lange ef al., 1971; Ku and Mancinelli,
1972). Among the various chemical factors that influence anthoeyanin
synthesis, auxins (Arnold and Albert, 1964 ; Stafford, 1968; Vince, 1968;
Constabel et al., 1971; Strickland and Sunderland, 1972) and ethylene
(Morgan and Powell, 1970; Craker ef al., 1971 ; Craker and Wetherbee,
1972), under certain circumstances, appear to inhibit light-induced
anthocyanin production. Numerous examples in which auxin action is
mediated by auxin-induced ethylene production have been well estab-
lished (Burg and Burg, 1966b, 1968a, b; Holm and Abeles, 1968; Kang
and Ray, 1969; Apelbaum and Burg, 1972). The finding that antho-
cyanin synthesis may be stimulated by inhibitors of protein and RNA
synthesis (Stafford, 1966) suggests the presence of a natural inhibitor,
continuously synthesized in tissue by labile enzymes, such as those
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mediating ethylene biosynthesis in auxin-treated tissues (Kang ef al.
1971).

Many etiolated seedlings normally produce ethylene at such a rate
that the endogenous gas prevents, or inhibits to a certain extent, ethy-
lene-sensitive physiological processes. Exposure of these seedlings to red
light results in a reduction of ethylene production (Goeschl ef al., 1967;
Kang et al., 1967; Burg and Burg, 1968b; Kang and Ray, 1969; Ima-
seki et al., 1971 ; Kang and Burg, 1972D, ¢), which in turn lessens the
effect of endogenous ethylene. Such an interaction between red light
and the ethylene-producing system in etiolated seedlings has been sug-
gested to explain some phytochrome-mediated photomorphogenic re-
sponses (Goeschl et al., 1967 ; Kang ef al., 1967; Burg and Burg, 1968b;
Kang and Burg, 1972a, b, ¢). The present communication describes
experiments demonstrating a causal relationship between ethylene, red
light, auxin and anthocyanin synthesis in cabbage seedlings, in which
ethylene mediates the action of red light and auxin.

Materials and Methods

Plant Material. Cabbage (Brassica oleracea L., ov. Red Acre) seeds were ger-
minated and grown in wet vermiculite in complete darkness at 23° C for 5 days.
Seedlings about 1520 mm in height with well developed hypocotyl hooks were
selected. Entire 1 em apical segments including the cotyledons and upper part
of the hypocotyl were excised and used for incubation or extraction of anthocyanin.

Light and Other Treatments. For studies with excised tissue sections, 12 apical
segments were incubated in 1 ml of solution (5 mM potassium phosphate buffer
at pH 6.8, 2% sucrose, and 5 uM cobalt chloride) in sealed 25-ml Micro-Fernbach
flasks. TAA was added in the growth medium, and ethylene was applied by in-
jecting the gas into flasks sealed with rubber septums. Red light (1250 erg cm—2 s71)
treatments were given continuously to excised segments during the incubation
period, or briefly to whole seedlings for 5 min. All experiments were carried in
darkness, except for brief periods when a dim green safelight was used during
handling or other test procedures. Hypobaric conditions were achieved by methods
described previously (Apelbaum and Burg, 1972; Kang and Burg, 1972a, b, ¢).

Extraction ond Measurements of Anthocyanin. 12 apical segments including
the cotyledons and hypocotyl were placed in 5 ml of methanol containing 1% HCI,
and kept in darkness for 24 h. At the end of this period, the methanol extract
was filtered through glass wool, and the amount of anthocyanin determined by
measuring absorbance of the extract at 525 nm with a Zeiss PMQ II spectro-
photometer. Values are presented for each treatment comprising 12 segments in
triplicate.

Measurements of Ethylene Production. Five mi air samples were withdrawn
at appropriate times with a syringe from sealed 25-ml flagks containing 12 tissue
segments, and the amount of ethylene determined by gas chromatography (Burg
and Burg, 1968a).

Results

Dark-grown seedlings of Red Acre cabbage possess substantial
amounts of anthoecyanin, but exposure of these seedlings to red light
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Fig. 1. Kinetics of anthocyanin synthesis and ethylene production following 5 min
red illumination. Ethylene production was measured using excised 1-cm apical

sections, cut at various times following illumination. Values are calculated from
the total ethylene produced during a 12-h incubation period

for 5 min results in a subsequent stimulation of anthocyanin synthesis
after about a 4-h lag period (Fig. 1). Production of ethylene from the
upper portion of the seedlings, where most anthocyanin is accumulated,
was measured by incubating tissue segments cut from the seedlings at
various times following red illumination. Slight inhibition of ethylene
production occurs during a 12-h dark incubation if segments are cut
from seedlings immediately after illumination, but the inhibition inten-
sifies progressively as the dark period following illumination and preced-
ing excision of the sections is extended; by 24 h ethylene production
is inhibited 40% as a result of previous illumination {Fig. 1).

Excised apical tissue segments respond to continuous red illumina-
tion during the incubation period. Anthocyanin synthesis is stimulated
in excised control segments, compared to identical tissue in intact
seedlings, but this may be due to exposure of the tissue to the green
safelight during handling or to the sucrose in the growth medium.
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Fig. 2. Effects of various concentrations of TAA on anthocyanin synthesis and
ethylene production by excised 1-cm apical sections in darkness and under con-
tinuous red illumination for a 24-h incubation period. The effect of TAA on red-
light-induced anthocyanin production was also studied in the presence of 100 ul/1

ethylene '

Anthocyanin synthesis in both dark and illuminated segments is progres-
sively inhibited as the concentration of TAA added to the medium is
increased (Fig. 2). Such concentrations of TAA stimulate ethylene pro-
duction, and red light reduces the amount of ethylene produced in
response to the added TAA (Fig.2). In the presence of a saturating
concentration (100 pl/l) of added ethylene, anthocyanin synthesis is
maximally inhibited with and without added TAA, and added TAA does
not, produce any further effect (Fig. 2). The data suggest that the effect
of TAA on anthocyanin synthesis is due to ethylene production induced
by the auxin, and indicate (Figs. 1, 2) a close correlation between syn-
thesis of anthocyanin and production of ethylene.

The amount of anthoeyanin synthesized by intact seedlings under
continuous red illumination during a 24-h period is a function of the
concentration of applied ethylene in the gas phase surrounding the
tissue (Fig. 3). Very low concentrations of ethylene are effective, but
even a saturating concentration does not completely abolish antho-
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Fig. 3. Anthocyanin synthesis in intact seedlings continuously illuminated with
red light in the presence of various concentrations of applied ethylene

cyanin synthesis induced by continuous red illumination. However, a
saturating dose of ethylene almost completely suppresses anthocyanin
synthesis induced by 5 min red illumination (Table 1).

Endogenous ethylene may be removed by enhancing outward diffu-
sion at a subatmospheric pressure, supplementing the system with water-
saturated oxygen to avoid anaerobiosis and desiccation. This method
has been employed as a diagnostic test for identifying the action of
endogenous ethylene produced by tissues (Burg and Burg, 1966a; Apel-
baum and Burg, 1972; Byers et al., 1972; Kang and Burg, 1972a, b, ¢).

Anthocyanin synthesis in intact seedlings is stimulated in darkness
by a hypobaric treatment even when the partial pressure of oxygen
is maintained about equal to that in the normal atmosphere (Table 1).
This result suggests that accumulation of endogenous ethylene is in-
hibiting anthocyanin synthesis. Conversely, if seedlings are confined in
a tightly closed container where escape of ethylene from the tissue is
limited by the accumulation of the gas in the surrounding air, antho-
cyanin synthesis is severely suppressed. This result again suggests that
seedlings produce sufficient ethylene to inhibit their anthocyanin syn-
thesis.



232 B. G.Kang and 8. P. Burg:

Table 1. Formation of anthocyanin by intact seedlings under various conditions
during a 24-h period

Treatment AAs25 mm®
Dark
Control 0.07
120 mm Hg O, 0.17
Red light, 5 min
Control 0.20
Closed airP 0.05
Ethylene, 100 pi/1 0.02
Red light, continuous
Control 0.67
Ethylene, 100 p1/1 0.23

a Initial absorbance (seedlings at time zero) was 0.30.
b A pot having about 500 seedlings was confined in a sealed desiccator 2.51 gas
volume.

Discussion

Formation and accumulation of anthocyanin pigments is mediated
by a complex system comprising several reaction sequences and enzymes
producing different flavonoids. Numerous steps in the biosynthetic
pathways could be affected by such factors as light, growth hormones,
sugars, vitamins, or amino acids. Although phytochrome is the major
regulatory photosystem in some etiolated seedlings, the “high-energy
reaction” system also controls anthocyanin synthesis, and even photo-
synthesis may play a role in the photoresponse (Downs et al., 1965;
Scherf and Zenk, 1967 ; Schneider and Stimson, 1971, 1972). In sorghum
seedlings, light-induced anthoeyanin synthesis is suppressed by ethylene,
but stimulated if seedlings are pre-exposed to ethylene and returned
to an ethylene-free atmosphere (Craker et al., 1971). Such stimulation
of anthocyanin synthesis by ethylene might be related to ethylene-
induced synthesis of phenylalanine ammonia-lyase, which is known to
occur in response to applied ethylene in other plant systems (Imaseki
et al., 1968; Riov et al., 1969; Hyodo and Yang, 1971). This enzyme,
which catalyzes deamination of phenylalanine to form cinnamic acid,
may function during the early phase of the synthetic sequence leading
to anthocyanin formation. Stimulation of anthocyanin synthesis by
ethylene also has been reported in Cymbidium orchids (Chadwick and
Arditti, 1972). On the other hand, inhibition of anthocyanin accumula-
tion by ethylene may result from either a direct inhibitory action of
ethylene on one of the later reactions in the synthetic pathway of
anthocyanin, or a stimulation of degradation of the pigments by the gas.
The latter is the case in fading Vanda orchid blossoms, where loss of
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anthocyanin is associated with induction of ethylene synthesis (Aka-
mine, 1963; Burg and Dijkman, 1967). Fading of orchid blossoms in-
volves peroxidation of anthocyanin pigments, which is catalyzed by a
peroxidase whose activity is known to be enhanced by ethylene in several
plant tissues (Stahmann et al., 1966; Imaseki ef al., 1968).

Our data suggest that a reduced level of internal ethylene in tissue
is associated with that portion of light-induced anthocyanin synthesis
brought about by brief illumination with low intensity red light. A
saturated inhibition of anthocyanin synthesis is attained with 100 uM
TAA or 1 pljl of ethylene (Figs. 2, 3), suggesting that the internal ethylene
concentration in tissue treated with 100 uM of IAA is close to 1 pl/l.
At this TAA concentration seedling sections produce ethylene at about
5nl g1 b1, giving a conversion factor of 0.2 pl/l per nl g— h—2. This is
in excellent agreement with previous calculations for epicotyl and root
tissue of pea and hypocotyl hook tissue of bean (Burg and Burg, 1966b;
Goeschl et al., 1966; Chadwick and Burg, 1967; Kang and Ray, 1969).
Accordingly, the concentration of endogenous ethylene in seedling tissue
producing ethylene at 1 nlg1h? (Figs.1,2) is estimated to be about
0.2 pl/l. The concentration-dependence curve for inhibition of antho-
cyanin synthesis by applied ethylene in illuminated seedlings (Fig. 3)
indicates half-maximal inhibition at around 0.1 1/l of external ethylene.
Illuminated seedlings also must contain approximately 0.1 ul/1 of ethy-
lene in the tissue air-phase (about half that in the dark) as a result
of endogenous ethylene production, so the difference in anthocyanin
synthesis between the control illuminated tissue and that exposed to
0.1 ul/l ethylene reflects in reality a response caused by increasing the
internal ethylene level in the tissue air space from 0.1 to 0.2 ul/l. The
difference in anthocyanin synthesis under these conditions should be,
and in fact is close to the change caused by the red-light inhibition
of ethylene synthesis. Therefore it is clearly demonstrated that the
reduction in ethylene production caused by brief red illumination is
sufficient in magnitude to induce the observed enhancement of antho-
cyanin synthesis. It is concluded that changes in the endogenous ethylene
level of this tissue in part regulate the induction of anthocyanin syn-
thesis caused by red light.

This work was supported by National Science Foundation Grant GB 27424
to 8. P. Burg.
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