


applied to the leaf surface. Pectina-
ceous substances are found in inter-
mittent parallel layvers in the outer walls
of epidermal cells, interspersed with
cutinized areas. Such pectinaceous ma-
terials form a continuous pathway ex-
tending from outside the leaf to the walls
of vein extensions and from there
directly into the vascular system of the
leaf (52).

Also, Lambertz (79) has recently
re-emphasized the importance of plas-
modesma. He has found 2 to 200 and
60 to 800 protoplasmic strands per 50
square microns in the walls of epidermal
cells, He has concluded that there
may be 8000 to 9000 such strands in the
outer wall of a single epidermal cell.
The number increased to maximum
during the day, and decreased at night.
The number increased during the de-
velopment of a young leaf until a maxi-
mum was reached in vigorous bright
green leaves, and declined in number as
the leaf yellowed. It appears that these
strands of protoplasm end directly
under the cuticle. Lambertz could not
be certain that the cuticle did not plug
some or all of these pore-like openings.
Nevertheless, from general observation
he ventured the opinion that they must
be open.

Although an organized transport sys-
tem capable of rapid conduction of
materials into the leaf may not always
be present, the leaf is structurally well
equipped to absorb materials through
both the upper and lower surfaces.
Wittwer and Teubner (50) have recog-
nized what they term both intercuticular
passage and intracuticular penetration.

In addition, the leaf area of a plant is
considerable. Thus, a 12-year-old apple
tree provides in its foliage, both upper
and lower surfaces, an area of one
tenth of an acre or approximately 10
times the spread of the branches of the
tree (47). The leaf areas of plants in
many sugar cane and pineapple planta-
tions are sufficient in that the fertilizer
needs can be completely supplied to
these crops by foliar applications through
the growing season,

Absorption by Aboveground Parts
Other Than Leaves

Entry of mineral nutrients through
the bark of dormant deciduous trees
occurred when cotton gauze saturated
with solutions of radiopotassium or
radiophosphorus was wrapped around
tree branches (47). Radioactivity was
detected in both the phloem and xylem
stem tissues 18 inches above and below
the point of application within 24 hours.
This entry of nutrients through the bark
and transport through the branches
occurred during February and March
even with temperatures below freezing.
Similar applications made just as the
buds were commencing to swell showed

the material to move in through the
bark and up the branches, to concentrate
near the buds available for the flush of
new growth. Entry was largely through
leaf scars, cracks, lenticels, and longitu-
dinal bark fissures. Rapid en-ry in
the spring was associated with growth
cracks that accompanied expansion of
new tissues (73).

Factors Affecting Entry of Radionuclides
into Aboveground Parts

It may be anticipated that foliar
absorption of radionuclides will be
affected by external and internal factors.
Temperature, light, the pH and the
carrier of the treating solutions, and
various additive chemicals, such as
surfactants, may be important, as well
as the species of plant involved, the
morphological nature of the absorbing
organ, and the nutritional status of the
plant (8, 39).

Effect of pH and Jonic Carrier.
Rapidity of uptake of phosphorus through
the leaves of the bean (Phaseolus vulgaris)
has been studied with three carriers
(39). The hydrogens of orthophos-
phoric acid were replaced by adjusting
the pH of the treating solutions with the
hydroxides of ammonium, sodium, or
potassium. All phosphate salts were
absorbed less effectively than ortho-
phosphoric acid to which only a slight
amount of ammonium, sodium, or
potassium had been added (pH 2 to 3).
The slowest penetration through the
leaf was with monopotassium phosphate
(pH 4 to 5). A mixture of the mono-
substituted phosphates and orthophos-
phoric acid (pH 2 to 3) resulted in two-
to tenfold increases in uptake through
bean leaves as compared with other in-
organic phosphates,

The effects of pH and ionic carrier on
absorption of radiopotassium and radio-
rubidium by bean and tomato leaves
were in marked contrast to those for
radiophosphorus (39). Phosphate, ci-
trate, and chloride were the accompany-
ing anions, with pH levels of 2, 4, and
8. The absorption of rubidium was
accelerated 10 to 20 times at a pH of 8,
compared with a pH of 4 when phos-
phate was the carrier. In general for
rubidium, both chlorides and citrates
were less effective than phosphates,
However, at similar pH levels and with
the same carriers, potassium uptake
when applied as the citrate at pH 8 was
twice that of any other form.

Effect of Surfactants, Solubility,
Hygroscopicity, and Surface Moisture.
Leaf absorption of radionuclides may
often be facilitated by the addition of a
wetting agent to the formulation. Currier
and Dybing (9) have reported an
instance of a fourteenfold increase in
foliar uptake of some herbicides when a
surfactant was added. Certain deter-
gents, however, will reduce the speed
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with which phosphorus is absorbed.
Swanson and Whitney (38) have re-
ported the formation of small necrotic
areas on bean leaves from applications
of phosphoric acid with a pH less than
3.0, resulting in greatly increased uptake.
Barinov and Ratner (7) have shown
that H;PO, at a concentration of 0.1A1
altered the cutn and destroyed the
protoplasm in epidermal cells so that
materials entered the leaf more rapidly.
At low concentrations (0.066M), where
there was no injury to the leaf, entry was
slower than for other phosphates.

Barinov and Ratner (7) have reported
a latent phase of about 24 hours in the
uptake of mineral substances through
the leaves. They found the duration
dependent on the solubility and the
hygroscopic qualities of the applied
materials, the pH, and the selective
character of cellular protoplasm in
relation to absorption of ions. Thus
with solutions of Ca#Cl,, the latent
period lasted 4 to 6 hours from the time
of application, followed by rapid uptake
of 569, in 24 hours and 849 in 72 hours.
On the other hand, with Na,HPO,
the latent period was 24 hours, followed
by only 2.8%, uptake during the next 24-
hour period, and 109 for the third 24-
hour period. The latent period was
longer for plants with a heavy cuticle.
Soluble and hygroscopic salts had a
shorter latent period and a more rapid
uptake than less soluble and less hygro-
scopic materials. The latent period
was not present when the leaf was
rubbed lightly with a glass rod. Re-
peated drying and wetting of the leaf
and of the applied material also favored
uptake.

The presence of surface moisture has a
significant effect upon the foliar ab-
sorption of phosphorus (Table I).
Approximately twice as much P» was
absorbed from a 20mAM solution of
H:P#O, placed on a bean leaf when
the surface was kept moist as when it was
allowed to dry. Absorption of P¥
was also increased by intermitient wet-
ting of the treated area with distilled
water (Table I). Phosphate absorption
continued from the dry residue for
several days after evaporation of the
solvent, although the treating sclution
dried within a few minutes.

Effect of Leaf Age and Portion
Treated. Young and rapidly expanding
leaves are more efficient in absorption
than are fully matured leaves, although
all funcrional green leaves seem to serve
as organs of absorption. Both sides of
the leaf blade function in absorption.
Approximately 509 more P®? was ab-
sorbed through the upper surface of the
bean leaf than the lower surface al-
though the lower surface contains seven
times (72) more stomata than the upper
surface. Thus, it appears that phos-
phate entry is not facilitated by stomatal
openings. Placement of the treating
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solution on the upper leaf surface at the
tip, along the outer margin, and in the
center along the mid-rib, gave only a
slight increase in absorption when
compared to similar positions on the

sulted in very rapid uptake. However,
the treating site on the leaf surface was
of no importance in determining the
final level of radiophosphorus which had
accumulated in the roots 12 hours later.

under side of the leaf.
hand, application to

On the other
the petiole re-

Summary of Factors Affecting Foliar
Uptake. A number of the factors known
to influence foliar absorption, as illus-
trated by radiophosphorus, have been

Table I.

Acid (17)
Moisture Conditions ~_Per Cent Absorbed
at Site of Treatment Test | Test Il
Kept moist 43.1 35.0
Moistened every 1.5
hours . 26.2
Moistened every 3
hours 27.6 23.2
Moistened every 6
hours 22.8 21.9
Allowed to dry
after initial
treatment 23.5 17.8
Least significant
difference at:
59, 9.0 11.5
19, 11.0 13.9

Effect of Presence of Sur-
face Moisture on Foliar Absorption
of P®*.Labeled Orthophosphoric

summarized by Wittwer and Bukovac
(49) and are presented in Table II.
The effects of pH and cation carrier
when considered in the light of the ionic
species and the degree of molecular
dissociation which occurs particularly
with phosphate, suggest an exchange
mechanism in the entry of foliar-applied
radionuclides. That absorption is active
rather than passive would seem to fol-
low from the positive effects of tempera-
ture, light, and sucrose. Diffusion as
well as active absorption through the
cuticle, and thence to the epidermal
plasmodesmata proposed by Lambertz
(79) provide most probable pathways for
entrance through leaf surfaces.

Effect of Foliar-Absorbed Nutrients
upon Root Absorption. Foliar appli-
cations not only add materials to the

Table Il.

Variable

I. Treating Solution
pH

Carrier ion

Surfactants

Sucrose

Concentration

II. External Environment

Temperature
Light
Humidity
Time of day

Nutritional status of plant

III. Leaf and Plant Characteristics
Stomata

Site of application

Age of leaf
Presence of surface moisture

State of plant development

Summary of Factors Affecting Foliar Absorption of Phosphorus

(49)

Comments

Maximum absorption at pH 2.0-3.0 dependent
upon cation

Greater absorption with NH, than Na or K

No effect on absorption in plants easily wetted*
Facilitates absorption on difficult to wet plants

Depresses uptake for short periods (3-12 hours)
in light and enhances absorption over long
periods (>24 hours) in dark

Greater total uptake with increase in concn. of
applied soln., but reduced percentage ab-
sorbed of that applied

lncreases with temp. increase from 30°-70° F.
At low temp., absorption is more effective
through foliage than through roots

Greater absorption in light than dark

Increase in humidity results in increase in
absorption

Greater absorption obsd. during morning than
evening hours

High levels in root media depressed foliar
absorption

Absorption not related to no. of stomata on leafl
surface

Greatest absorption when applied to upper
surface at base or on mid-rib of leaf blade
Absorption greater through upper than lower
surface

Absorption rates reduced with age
Greatly facilitates foliar absorption

Maximum benefits derived from applications
during flower bud development and anthesis
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plant but may also influence root uptake
from the soil. The increase in root
absorption that often results from foliar
applications of nutrients may come about
bv an increase of as much as 70 to 809
soluble sugars in the roots, and by greater
root growth (35). Shereverva (33)
concludesfrom his studies that, since roots
utilize food and respire at the expense
of photosynthetic products, therefore
growth, absorbing surfaces, and absorp-
tion of mineral substances will all in-
crease proportionately with intensity of
photosynthesis.

Leaching of Radionuclides from Above-
ground Plant Parts

If plants can absorb nutrients through
aboveground parts, they may be able
also to lose them through these same
parts (43). As early as 1805, de
Saussure (70) noted that water in con-
tact with leaves contained alkaline salts.
Many reports appeared sporadically in
the literature suggesting that materials
are leached from leaves by rainfall.
This hypothesis has been subjected to
experimental evaluation and confirmed,
by allowing plants to absorb isotopically-
labeled nuclides through their roots and
then exposing them to simulated rainfall
(foliar leaching) from a mist atomizer
in a propagation chamber. The mist
spray, after passing over the leaf for
various intervals up to 24 hours, was
collected in a funnel and channelled
through an anion-cation exchange resin
column which adsorbed the leached

plant constituents (Figure 2). The
leachate was eluted from the resin
columns, variously precipitated, and

analyzed for radioactivity. The follow-
ing radioisotopes were included in the
studies: Na®, Mg®, P%#, S§% CP§ K%
Mn#, Fe%~%, Znt5 and Sré0-Y90,

Leaching Losses from Leaves. Losses
were dependent upon the nature of the
plant employed, the physiological age
and the nutrient level, and the nature
of the material leached. For example,
young leaves of squash (Cucurbita pepo),
bean (Phaseolus vulgaris), and corn (Zea
mays) lost more of the root-absorbed
Ca*, K%, and P* (3 to 49,) than did
leaves of tomato (Lycopersicon esculentum)
and sugar beet (Befa vulgaris) (0.8 to
1.59%). Older leaves lost as much as
75% of the previously root-absorbed
potassium in 2 hours. Loss was a
direct function of time, With leaves still
attached to the mother plant, losses
eventually reached several times the
amount of nutrients originally found in
the leaves, indicating a replenishment
mechanism within the plant.

The relative ease of leachability of
several isotopes has been reported (43).
Leached materials which were permirtted
to return to another nutritive medium
were taken up by other plants growing
in that medium. Comparisons of green-












Table V. Incorporation of 5r*° and
Rul®® from Foliage Sprays into
Developing Tomato Fruit

Fruit Size, Cm.
1-2 5-8
pH Radioactivity, T Mean

(As influenced by pH of treating solution
and maturity of fruit when treated)

Sr%
2.0 4.0 3.0 3.5
4.0 1.0 4.0 2.5
6.0 2.6 3.0 3.0
Mean 2.5 3.4 3.0
Rul03
2.0 2.3 0.9 1.6
4.0 1.3 0.2 0.8
6.0 1.0 0.2 0.6
Mean 1.5 0.4 1.0

moval of the epidermis of the ripe fruit,
an expression was obtained in terms of
that applied as to the per cent absorp-
tion and transport into the fruit. Both
the flesh and the seeds were found to be
highly radioactive, and as much as 1 to
49, of the total radioactivity sprayed
onto the plants was recovered in the de-
veloping fruits (Table V). The pH of
the radiostrontium sprays did not influ-
ence accumulation in the fruit (Table
V). Also, radiostrontium accumulated
both in fruits approaching maturity and
fruits in the initial stages of growth.

Similar results were obrtained with
radioruthenium (Ru?), however with
less recovery in the mature fruit (Table
V). Although both Sr® and Rul?
show little mobility within the plant or
basipetal transport, they are absorbed
directly by tomato fruits and accumulate
in considerable quantities in the edible
portions of the fruit following foliar
applications. Thus, a potential food
contamination hazard exists in the direct
absorption by fruit crops of the con-
stituents of atomic fallout.

Absorption and Distribution of Sr#
and Cs'¥ in Several Food Crops.
Middleton (26) has pointed out that of
the long-lived fission products, Sr®,
Sr3-Y9, and Cs'™, are considered to
present the major hazard to consumers
of agricultural crops. Foliar absorption
and incorporation into edible portions
of wheat (Triticum sativum), potatoes
(Solanum  tuberosum), beans (Phaseolus
spp.). cabbage (Brassica oleracea capitata),
sugar beets (Befa vulgaris) and Swedes
(Brassica napobrassica) takes place at
varying degrees according to the stage
of maturity of the plant and the plant
type. The data (26) are also compatible
with our conclusions that strontium is
redistributed in plants to only a small
extent. In fact, seeds and fruits as well
as underground parts are relatively free
from contamination if they develop

after the deposition of strontium on the
foliage occurs. Cesium, however, is
absorbed and readily translocated to
developing organs and to the roots, and
this is in direct contrast to its relatively
low availability from the soil through
root absorption. Plants exposed to
normal rainfall lost up to 859, of the
applied isotope. Thus, a considerable
proportion of the Sr8® and Cs!¥ sprayed
on the foliage was afterward washed
off or leached out by rainfall.

Summary

Several elements have been classified
as to their ease of absorption by leaves
and the extent of their mobility (49).
Absorption halftime values range from a
few hours to several days. All elements,
however. were absorbed. On the other
hand, not all absorbed nuclides were
transported out of the treated leaves.
These include the fallout products Srés,
Sr#0-Y%, and Ru!%® which under most
conditions are immobile.

Conclusions

The significance of foliar absorption
of fallout products, including Sr#9, Sr%,
and Ru'%, by food crops near areas of
atomic blasts is apparent from reports of
high levels of radioactivity in the tops
and little if any in the roots (33). Simi-
lar to calcium, strontium and ruthenium
are readily taken up through above-
ground plant parts, but are not trans-
located out or downward into other parts
of the plant. Cesium-137, also a com-
ponent of fallout, is both quickly absorbed
by plant foliage and translocated to all
other plant parts (26). The complete
decontamination of various edible above-
ground plant parts by surface washing
or by peeling is thus precluded except as
these substances may be leached from
them by other means. The immobility
of strontum and ruthenium, however,
lessen the possibility of their accumula-
tion in roots and other below ground
parts and in tissues which develop
subsequent to foliar absorption of these
contaminates. However, this does not
preclude contamination from root up-
take.
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Several factors and concepts that may contribute to an understanding of the food con-

tamination problem with Sr* and Cs®*" are reviewed.

In this country at the present time,

milk and milk products contain the highest relative proportion of these fission products;
however, nonmilk foods, especially vegetables and cereals, contribute more Sr* to the

total diet when considered as an entity.

In the future, assuming no further testing, non-

milk foods will become even more important as sources of Sr*® for the reasons discussed.
Since Cs'*” in milk and meat arises from a similar precursor (bovine serum), and since there
is no apparent discrimination between these compartments, the relative contribution from

these two major dietary sources of Cs'*7 is not expected to change with time.

The vari-

ability in the radionuclide content of foods was emphasized by reference to the "Minnesota
wheat” situation of several months ago.

AT THE PRESENT TIME. milk and milk
products, on the average, are the
largest single contributors of environ-
mental radiocontamination to the diet
of man in this country. However,
nonmilk foods, when considered as an
entity, may represent the source of
from 40 to 609 of the Cs!¥ and Sr%
ingested by the human. Under certain
conditions and at future times, nonmilk
foods may well assume an even greater
relative significance in this respect.

For an understanding of processes that
determine relative routes of entry, a
brief description of the mechanism of
radionuclide transfer may be in order as
well as an indication of levels of Cs'¥
and Sr% in various foods. Mention
will also be made of factors that alter
the magnitude of radionuclide intake
from nonmilk and milk sources.

In the present discussion, emphasis
will be given to Sr% and Cs!'#, since these
are the radionuclides of most concern.
At early times after the release of nuclear

debris, Sr¥ would represent a significant
fraction of the total activity and its
general metabolic behavior would follow
that of Sr%. Since Sr# has a physical
half life of 54 days, its importance would
rapidly decrease with time. Radioio-
dine and radiobarium are also major

sources of radioactivity immediately
after nuclear detonation but, because of
their short half lives, 8 and 13 days,
respectively, their primary dietary vector
to man is in fluid milk following con-
sumption of surface-contaminated vege-
tation by the grazing animal. Other

Table I.

Summary of Sr/Ca Observed Ratios

[Sr/Ca observed ratio as defined by Comar et al. (2) = Sr/Ca in product -+ Sr/Ca in precursor]

Species Precursor — Product
Man Diet—bone

Man Diet—milk

Sheep Diet—bone (meat)*
Goat Diet—bone (meat )¢
Goat Diet—-milk

Cow Diet—bone (meat)?
Cow Diet— milk

Rat Plasma—-fetus
Rabbit Plasma—fetus

O.R. Range Ref.
0.25 0.17-0.54 (77)
0.10 0.08-0.13 (7
0.24 0.15-0.31 (77)
0.23 (74)
0.09 .. (74)
0.20 (75)
0.10 0.09-0.16 (77, 13)
0.6 0.55-0.65 (73)
0.5 .. (13)

@ In general, the O.R. from diet to plasma, muscle, and bone is about equal although

small differences do exist (2).
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