The Ginkgo,

the Most Ancient Living Tree

The resistance of Ginkgo biloba L. to pests
accounts in part for the longevity of this species.

The maidenhair or ginkgo tree,
Ginkgo biloba L., has probably existed
on earth longer than any other tree
that is now living (Z). Darwin called
it “a living fossil” (2).

The ginkgo tree (Figs. 1 and 2) is
the sole surviving species of the group
of plants known as Ginkgoales, whose
ancestry has been traced back more
than 200 million years (3). Apparently
the group of trees to which Ginkgo
biloba belongs evolved from ancient
seed ferns during Permian times. Trees
of the genus Ginkgo have existed, ap-
parently, since the late Triassic or ear-
liest Jurassic period (4). During the
Tertiary and Quaternary periods great
upheavals of the earth, followed later
by an ice age, destroyed the ginkgo
trees and other Ginkgoales in most of
the world. The destruction was least
in east Asia, and probably all of the
ginkgo trees known today came from
this part of the world. It is doubtful,

however, whether a natural stand of

ginkgo trees is to be found anywhere
in the world today. Fortunately for the
tree, its recent history has been ex-
tended by man’s appreciation of its
beauty and usefulness as a shade tree.
Also, its seeds are prized as a food
and as a medicine in some parts of
the world. Its wood has been used not
only for firewood but also for making
chessmen and fine oriental lacquerware
3).

One wonders why this plant has per-
sisted unchanged over so many mil-
lions of years. Obviously it must have
been eminently suited to the environ-
ments in which it found itself, for
otherwise it would have died out or
would have changed.

The author is a professor of chemistry at the
University of Virginia, Charlottesville.
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Today we believe that evolution oc-
curs largely through mutations of the
genetic material deoxyribonucleic acid.
These changes may be brought about
by chemical or by physical means
(5). X-rays are particularly effective in
producing mutations in genes. Certain-
ly radiation from cosmic rays and
from radioactive - substances in the
soil produce mutations (6). It seemed
possible, then, that the chromosomes
and genes of Ginkgo biloba might be
particularly resistant to mutation by
radiation. However, this is probably
not the case. A. H. Sparrow of the
Brookhaven National Laboratory has
found that this plant is as sensitive to
radiation as are other gymnosperms
which have large chromosomes and
nuclei (7). But, while both natural ra-
diation and chemicals are undoubtedly
capable of causing mutations of the
genes of ginkgo trees, the importance
of these changes is kept to a mini-
mum by the rather long time span
from one generation to the next. These
trees do not begin to reproduce until
they are more than 20 years old (3),
but they continue to reproduce up to
an age of over 1000 years (/). As a
result, they have very much less
chance of changing their characteris-
tics than most other plants have, for
most plants have a shorter reproduc-
tive period.

The ginkgo tree is reputed to be
completely resistant to all sericus pests
and diseases and to have a high toler-
ance of city smoke and industrial
fumes (3). Since it seemed that such
resistance and tolerance might be at
least part of the explanation for the
longevity of the ginkgo, my associates
and I investigated these qualities of the
trees.

Resistance to Insects

Insects are among the most serious
of plant pests. However, the ginkgo
tree is reported to be free from insect
infestation. In fact, the leaves are used
in China and Japan as bookmarks
which are supposed to keep silverfish
and larvae of other insects away from
books. Also, the wood is highly valued
for the manufacture of insect-proof
cabinets (8). However, Hartzell and
Wilcoxon found that acetone-and-wa-
ter extracts of leaves of the ginkgo
tree had no lethal effect on mosquito
larvae, such as similar extracts of the
leaves of a number of other trees
had (9).

S. D. Beck of the University of
Wisconsin found that alcoholic ex-
tracts of ground whole roots of Ginkgo
biloba strongly inhibited the growth of
the larvae of the European corn borer,
Pyrausta mubilalis. Similar extracts of
stems of G. biloba inhibited the growth
of these larvae very little. The Euro-
pean corn borer is highly polyphagous
(10, 11). Larvae of this borer fed and
grew on a diet of ginkgo leaves. On
the other hand, the addition of an
aqueous extract of ginkgo leaves to a
basal, purified diet fed corn-borer lar-
vae inhibited the growth of the larvae.
When the ginkgo extract was in such
amount that each gram of diet con-
tained the extract of 2 grams of ginkgo
leaves, inhibition of growth was 98
percent and mortality was approxi-
mately 90 percent within an 8-day ex-
perimental period (/0). Ginkgo leaves
are quite acid. It is possible that some
or most of the above-described inhibi-
tion of growth may be due to this
acidity. Beck has found that malic acid
and oxalic acid are both toxic to corn-
borer larvae, and that each inhibits
feeding (Z0).

When ginkgo leaves are damaged in
the presence of oxygen, 2-hexenal is
produced (12). Bevan, Birch, and Case-
well have reported that this aldehyde is
an insect repellent (/3). Apparently
the concentration of 2-hexenal pro-
duced by ginkgo leaves is insufficient
to repel European-corn-borer larvae.
On the other hand we have found in
our laboratory at the University of
Virginia that Japanese beetles normally
will die of starvation rather than eat
ginkgo leaves. However, the beetles
eat fresh cherry leaves coated with
juice from pressed ginkgo leaves al-
most as readily as they eat uncoated
leaves. Moreover, the beetles will eat
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ginkgo leaves if the leaves are coated
with juice from pressed cherry leaves,
or coated with beetle attractants such
as eugenol or valeric acid (74).

From the studies reported above it
appears that the roots of Ginkgo biloba
contain a substance which is toxic to
some insects at least. The stem of the
tree also is slightly toxic. Further, the
leaves contain a small amount of a
substance (or substances) which is
toxic to some insects but very slightly
so, if at all, to others. The high acidity
of the leaves may account for some
of this effect. The production of 2-
hexenal by the leaves when they are
damaged may account, at least par-
tially, for the resistance of the leaves
to the ravages of some insects.

Resistance to Bacteria

Experiments carried out at the Boyce
Thompson Institute for Plant Research
in cooperation with our laboratory
have shown that an acetone extract of
macerated fresh ginkgo leaves stopped
the growth of several bacteria which
damage plants. The bacteria tested
were Erwinia amylovora, Escherichia
coli, Pseudomonas phaseolicola, Xan-
thomonas phaseoli, and Bacillus pumi-
lus. However, additional experiments
showed that antibacterial activity dis-
appeared if the acetone extract, which
was quite acid, was neutralized. Ap-
parently the positive results obtained
first were due to the acidity of the
leaves (15).

Resistance to Viruses

J. W. Mitchell has found that sub-
stances obtained by means of crude al-
coholic extraction of ground whole
root of ginkgo trees, which was carried
out in our laboratory, inhibited the
production of symptoms by plants in-
fected with southern bean mosaic virus
and tobacco mosaic virus. The extract-
ed substances in concentrations of 250
to 500 parts per million, in water,
greatly suppressed the growth of these
viruses. Extracts of the whole root
were more effective than extracts of
bark of the roots (I6).

Resistance to City Fumes

As mentioned above, the ginkgo tree
is reputed to have unusually high tol-
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erance of city smoke and industrial
fumes (3). However, experiments car-
ried on in the Department of Plant
Pathology of Rutgers University (17)
showed that the ginkgo tree is no
more resistant to sulfur dioxide and
ozone than most other trees are. Sulfur
dioxide and ozone are two of the most
common phytotoxic compounds found
as impurities in city air. This sug-
gests that the ginkgo tree may be no
more or no less sensitive to city smoke
and fumes than other trees are.

Resistance to Fungi

Among the most damaging pests
which attack trees are the fungi. How-
ever, the ginkgo tree is remarkably
free from fungus attack. According to
Pirone (I8), the only leaf disease re-
ported on this host is anthracnose
caused by the fungus Glomerella cin-

Fig. 1. Ginkgo tree in the spring on the grounds of the University of Virginia.

gulata (Stone) Sp. and Schrenk. The
damage done by this fungus is negligi-
ble. Several wood-decay fungi have
also been reported, but these are of
rare occurrence.

2-Hexenal has been found in mac-
erated leaves of the ginkgo tree. This
aldehyde had an antifungal activity in
concentrations sufficiently low to ac-
count for at least part of the resistance
of ginkgo leaves to fungi (J2). Schild-
knecht and Rauch have also reported
the isolation of 2-hexenal from the
leaves of a number of other plants,
and have reported that it acts as a
phytonicide when tested on certain
Ciliata (19).

The unusual resistance of ginkgo
leaves to fungi cannot be explained
completely on the basis of the 2-
hexenal content because other leaves,
some of which are quite sensitive to
fungi, also produce 2-hexenal when
they are damaged (20, 21). However,
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the amount of 2-hexenal produced by
ginkgo leaves is higher than that pro-
duced by the leaves of most other spe-
cies tested. This may explain at least
part of the greater resistance of ginkgo
leaves to fungi (22). Nye and Spoehr
(21) showed—and we have confirmed
their finding (22)—that 2-hexenal is
normally not present in detectable
quantities in intact leaves but is formed
by macerated leaves in the presence of
oxygen. However, Schildknecht and
Rauch found that leaves of the tree
Robinia pseudoacacia would produce
detectable quantities of 2-hexenal in
12 hours when the leaves were ap-
parently growing normally on the tree
(23). Nye and Spoehr suggested that
the precursor of 2-hexenal might be
3-hexenal, oleic acid, or linolenic acid,
or possibly all three of these sub-
stances (27). Recently, Drawert, Hei-
mann, Emberger, and. Tressl (24) re-
ported that 2-hexenal is formed by the
enzymatic oxidation of linolenic acid
in fruit and leaves. This conclusion
was based on their finding that, when
homogenates of apples or leaves were
oxidized in the air, their content of
linolenic acid decreased as the content
of 2-hexenal increased (24). This val-
uable finding does not conclusively
prove that 2-hexenal is produced by
the enzymatic oxidation of linolenic
acid in macerated fruit or leaves. The
simultaneous decrease in linolenic acid
and increase in 2-hexenal may be co-
incidental. Additional proof of the
occurrence of this reaction is needed.
Toyama, Suzuki, Nakagami, and Yo-
shida have obtained 2-hexenal by the
oxidation by air, in vitro, of the highly
unsaturated acids of sardine oil. This
required externally supplied heat (25).
We have investigated the conversion
of various Cl4-labeled compounds, in-
cluding linolenic acid, as possible pre-
cursors of 2-hexenal in ginkgo leaves
(26).

Linolenic acid containing some C4
in each of its carbon atoms was added
to ginkgo leaves, which were then fine-
ly ground. This mash was steam-
distilled, and then the distillate was
extracted with ether. The dimedon de-
rivative of 2-hexenal could be ob-
tained from the ether extract. The de-
rivative was purified and crystallized
by chromatographic procedures. From
0.4 to 1.2 percent of the radioactivity
in the linolenic acid was recovered in
the form of the 2-hexenal derivative.
This showed that linolenic acid is con-
verted into 2-hexenal in leaves, as sug-
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Fig. 2. Leaf of a ginkgo tree.

gested by Drawert, Heimann, Emberg-
er, and Tressl (24). Linolenic acid it-
self has been found in ginkgo leaves
by Tuzimoto (27). However, when
C!4-labeled linolenic acid was added to
water containing a little unlabeled 2-
hexenal, the treatment outlined above,
but without the use of leaves, also
gave Cl4-labeled 2-hexenal dimedon.
The yields of 2-hexenal from linolenic
acid were from 1.3 to 1.5 percent,
whether the reaction was carried out
in the dark or in the light. This indi-
cates that the oxidation of linolenic
acid in the air at room temperatures,
regardless of whether leaves are pres-
ent, yields 2-hexenal. The oxidation
appears to be a normal chemical but
nonphotochemical  oxidation rather
than an enzymatic one as Drawert,
Heimann, Emberger, and Tressl (24)
suggested.

Due to the difficulty of explaining
the resistance of ginkgo leaves to fungi
solely on the basis of the amount of
2-hexenal produced when the leaves
are damaged, my associates and I
looked for other antifungal agents in
the leaves. Steam distillation of ginkgo
leaves in an atmosphere free of oxygen
gave no 2-hexenal, but a small amount
of an oil was obtained, amounting to
about 10 milligrams of oil per 300
grams of leaves. This oil, in a concen-
tration of 100 parts per million, in-
hibited the growth of the fungus
Monilinia fructicola. It could, there-
fore, account for part of the antifungal
activity of ginkgo leaves. The chemical
nature of this oil was not determined,
except by infrared analysis. The analy-
sis indicated that the oil was largely
a nonaromatic hydrocarbon possibly
containing a carbonyl group.

Johnston and Sproston (28) found
a waxy material in the cuticle of
ginkgo leaves which reduced spore
germination and inhibited germ-tube
growth of certain fungi. They stated
that they believe this wax may be re-
sponsible for at least part of the re-
sistance of ginkgo leaves to fungi.

Adams and his associates found
that the spores of various fungi on
intact fresh ginkgo leaves will start to
swell, forming appressoria, but that
there is no penetration of the leaf epi-
dermis, and that infection pegs are not
formed. However, staining techniques
showed that, while the leaves did not
appear to be damaged, the chemical
nature of the epidermal wall of the
leaves was changed in the same way
it is changed by mechanical damage
to the leaf (29). _

In the course of the search for in-
hibitors of fungus growth in the leaves
of Ginkgo biloba, we have isolated
several hydroxy-lactones (30). We ex-
tracted powdered dry ginkgo leaves
with acetone and then evaporated the
acetone. The dark oily residue was
extracted with a mixture of water and
ether; the residue was discarded. The
ether extract and additional ether ex-
tracts of the aqueous portion were
combined and extracted with sodium
bicarbonate. The bicarbonate solution
was acidified and reextracted with
ether. This ether extract was added
to an ethyl acetate extract of the
acidified solution. The semisolid ma-
terial left after evaporation of the or-
ganic solvents was extracted with
chloroform. The larger, chloroform-
insoluble fraction was recrystallized
from 95-percent ethanol. Two distinct-
ly crystalline fractions were obtained
from this material by countercurrent
distribution in an apparatus built by
H. O. Post (31), by the method of
Hecker (32), with the following sol-
vent system: acetone, 10 parts; carbon
tetrachloride, 5 parts; water, 5 parts;
methanol, 1 part. Analytical and infra-
red studies showed that we had two
hydroxy-lactones, one having the for-
mula C,yHz,0,4°1 H,O and the other,
present in smaller amount, having the
formula C,;,H,0;; 2 H,0O. In 1929
Furukawa reported (33) that he had
isolated two hydroxy-lactones having
the formulas C{;H,,0;°H,O and
C11H;406°H,0. It appears that these
were cruder forms of the lactones
which we have isolated more recently.
Quite recently K. Nakanishi and his
associates have brilliantly established
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the complete structures of four hy-
droxy-lactones from the bark of the
roots of Ginkgo biloba L. They re-
ported that these lactones were also
present in ginkgo leaves (34). Two of
the lactones isolated by Nakanishi and
his co-workers—namely, their ginkgo-
lide B and ginkgolide C—seem to be
identical with the two hydroxy-lactones
that we have isolated from the leaves
of the ginkgo tree. By a somewhat dif-
ferent process, Sakabe, Takada, and
Okabe (35) have also isolated these
lactones from ginkgo leaves.

On the basis of the findings of
Nakanishi and his associates (34), we
may conclude that these lactones have
the following structures:

R = H in ginkgolide B; R = OH in
ginkgolide C.

By a somewhat different procedure
we have also isolated another hydroxy-
lactone from the leaves of the ginkgo
tree. This lactone has the empirical
formula C,;H,305. A comparison of
the physical and chemical properties
of this compound with those of the
four lactones from ginkgo roots which
were studied by Nakanishi and his as-
sociates has convinced Nakanishi and
my associates and me that this Cyj
lactone is probably closely related to
the C,o lactones. However, the com-
plete structure of the lactone is un-
known.
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The antifungal activity of the three
hydroxy-lactones isolated by us has
been studied. None of them is signifi-
cantly active against the fungus Moni-
linia fructicola.

Summary

Fossil records clearly demonstrate
that the group of trees known as
Ginkgoales, of which today Ginkgo
biloba is the sole living member, date
back over 200 million years. Ginkgo
bilboa itself is one of the oldest of
living plants (4). It appears that the
longevity of this tree and its long re-
productive period are at least partially
responsible for the persistence of the
species. The resistance of these trees to
pests such as insects, bacteria, viruses,
and fungi has been studied. It is be-
lieved that their unusual resistance to
pests accounts in part for the longevity
of the trees and also, in turn, for the
longevity of the species.
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