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Flux of singlet oxygen from leaves of phototoxic plants
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Summary. Detached leaves of Zanthoxylum americanum and Pastinaca sativa, plants known to produce phototoxins,
generate singlet oxygen when illuminated by a xenon arc lamp that simulates sunlight. Other species tested did not produce
detectable amounts of singlet oxygen. Calculations of the rate of production of singlet oxygen indicate a flux of up to 4 x 1012
molecules cm ™! s~ 1. This level is sufficiently high to induce damage in the cells of organisms near the leaf surface. Photo-
dynamic action may thus provide for plants an evolutionary advantage in the form of preemptive protection against

predators without tissue loss.
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At least eight distinct classes of plant chemicals are photoac-
tive, that is, capable of absorbing sunlight energy to increase
their toxicity to living organisms 1. The efficacy of these pho-
toxins against a diverse array of plant pathogens and herbi-
vores has given rise to the suggestion that these chemicals
function in defending plants against potential enemies®~*.
Many photosensitizing plant chemicals are present primarily
in epidermal tissues ® and thus are in close contact with the
atmosphere, making feasible energy transfer from their pho-
tochemically excited states to atmospheric oxygen to form
singlet oxygen. Singlet oxygen is reactive toward some con-
stituents of DNA, cell membranes, enzymes, and other es-
sential biomolecules ® 7; because of its long lifetime in the gas
phase (roughly 1000 times greater than in the liquid phase),
it can diffuse through air for distances of several millimeters
to react with substrates in solution ®. Singlet oxygen generat-
ed at a leaf surface could potentially persist long enough to
interact with invaders of the phylloplane such as fungal
spores, bacteria, yeasts, and plant-feeding arthropods and
their eggs. In this study, we document for the first time the
presence of singlet oxygen at distances-1-2mm from the
surfaces of leaves of some phototoxic plants and its apparent
absence on or near the surface of nonphototoxic plant
leaves.

A modification of a previously reported method ® was used
to generate singlet oxygen in the gas phase; an intact plant
leaf was secured over the well of a microscope slide contain-
ing 100—200 pl of a 2 x 10~* M aqueous solution of furfuryl
alcohol (FFA), a reactive acceptor of singlet oxygen, such
that its surface was 1 —2 mm above the droplet. The leaf was
illuminated from beneath using a mirror to reflect the beam
of 2 100 W xenon arc lamp (filtered through water, pyrex,
and cellulose acetate filters to remove infrared and nonsolar
UV wavelengths) up through the undersside of the glass slide
(fig.). The UV (320-400 nm) intensity on the slide was ap-
proximately 300-400 pW/cm?/min; while this intensity is
relatively low for solar exposure (although typical of over-
cast or winter conditions), evaporation of the droplet due to
increasing temperatures became a problem at higher lamp
outputs. At timed intervals, 20 pl samples of FFA were taken
and quantified by high-pressure liquid chromatography o,

Benzyl alcohol (1.8 mM) was used as an internal standard.
Initial observations of plants were made after 15 min of illu-
mination. Five species were tested (table 1); of these species,
only Pastinaca sativa (wild parsnip) and Zanthoxylum amer-
icanum (prickly ash) showed a decline in FFA concentration
of 10%. or greater. These results are consistent with the
chemistry of these plants; wild parsnip foliage contains high
levels of phototoxic furanocoumarins'® and prickly ash
leaves contain furanocoumarins as well as the phototoxic
furanoquinoline and S-carboline alkaloids !**!2. In solution,
many of these compounds are known to produce singlet
oxygen 1314, Although furanocoumarins are reported to oc-
cur in Citrus sinensis'?, no loss of FFA was observed in
experiments with its leaves. '

Three species were examined further for time intervals of
45-80 min. From 4-6 determinations were made for each
sample. Some loss of FFA relative to the benzyl alcohol
standard occurs over the assay interval (table 2); therefore,
only regressions with slopes significantly greater than that of
the control (0.0009) were considered meaningful. Slopes of
FFA loss against time in minutes were significant and nega-
tive for both wild parsnip (slope = —0.007, r = 0.92) and
prickly ash (slope = —0.002, r = 0.99). A second experi-
ment with a different prickly ash leaf gave a steeper slope
(—0.008, r = 0.90) which due to high variance was marginal-
ly nonsignificant (p = 0.096). To test whether factors other
than singlet oxygen {(e.g., plant volatiles) were causing FFA
depletion, well slides were set up with wild parsnip leaves as
before except that the xenon lamp was left off for the 80 min

Table 1. Changes in peak height of furfuryl alcohol after 15 min of expo-
sure to xenon arc lamp (330-400 pW/cm?/min)

Peak height relative to time zero
(avg. of 2 replicates with SD)

0.915 (0.007)
0.795 (0.077)
1.040 (0.042)
1.060
1.090
1.005 (0.077)

Plant species

Pastinaca sativa
Zanthoxylum americanum
Liquidambar styracifolium
Ailanthus altissima

Citrus sinensis

Glass slide only
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Apparatus for illumination of leaves. 1, xenon lamp; 2, filters (water,
Pyrex, cellulose acetate); 3, mirror; 4, Pyrex plate; 5, Petri dish; 6, well
slide; 7, test solution; 8, leaf; 9, ice-filled beaker.

Table 2. Regressions between peak height of furfuryl alcohol and length
of exposure time to UVA and leaf surfaces

Treatment r slope p

Slopes significantly different from zero

Pastinaca sativa 0.92 —0.007 0.030

Zanthoxylum americanum 0.99 —0.002 0.006

FFA/benzyl alc. 0.96 —0.0009 0.002

Slopes not significantly different from zero

Citrus sinensis 0.56 <0.001 0.20
0.56 0.001 0.44

Pastinaca sativa (abaxial surface) 0.45 > —0.001 0.55
0.65 > —0.001 0.35

Pastinaca sativa (no light) 0.13 > —0.001 0.86
0.59 > —~0.001 0.22

sampling period. For these leaves, no detectable depletion of
FFA occurred (two replicates: r = 0.59, p = 0.22; r = 0.13,
p = 0.86,), suggesting that singlet oxygen was indeed respon-
sible for the observed disappearance of FFA.

When the abaxial (lower) parsnip leaf surface was positioned
over the FFA and illuminated, no depletion was observed
(two replicates: r = 0.45, p = 0.55; 1 = 0.65, p'= 0.35,). It is
possible, since furanoconmarin synthesis is induced by
light 1%, that these compounds tend to accumulate in the
upper surfaces of the leaf over time; singlet oxygen produc-
tion would accordingly be greater on the upper surface.
Assuming first-order kinetics, the half-life of FFA can be
calculated as 41 min and 54 min (2 replicates) for prickly ash
and as 154 and 231 min for wild parsnip (2 replicates). To
calculate the flux of singlet oxygen from the surface of the
leaf, equations given by Haag and Hoigné® and Midden and
Wang ® were used to establish that, for the case of Zanthoxy-
lum, assuming a leaf thickness of 0.1 mm, approximately
4 x 10'? singlet oxygen molecules/cm?/s were evolved. This
value is comparable to the surface flux (5 x 1012 molecules/
cm?/s) measured for the synthetic dye, rose bengal, immobi-
lized on silica gel!°.

Due to the appreciably longer lifetime of singlet oxygen in air
versus that in aqueous or organic solutions, its steady-state
concentration near illuminated surfaces of phototoxic plants
may be considerably higher than inside plant tissues. Singlet
oxygen production by photosensitizers in the interior of
plant tissues is likely to be as hazardous to the plant itself as
itis to potential plant enemies; thus, plants possess multiple
protective systems for quenching singlet oxygen, including
carotenoid pigments, o-tocopherol, and ascorbic acid °.
From the perspective of plant defense against herbivores and
pathogens, however, these protective substances presumably
reduce the efficacy of phototoxins when they are ingested or
contacted. In contrast, production of singlet oxygen at leaf
surfaces ensures transfer of a toxicant to potential enemies
without the intervention of protective quenchers and, more-
over, can effect toxicity without rupture or damage of leaf
tissue. The photoovicidal effects of several plant chemi-
cals'”'® may be attributable at least in part to cell-damag-
ing effects of gas-phase singlet oxygen 1°~2!; preventing egg
hatch would be another way to reduce herbivore populations
without sacrificing leaf tissue. This preemptive protection
against predation could conceivably confer a selective ad-
vantage over plants which must suffer tissue damage in order
to deter enemies and may account for the widespread occur-
rence of biosynthetically distinct phototoxins among vascu-
lar plant families 22.
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