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ABSTRACT

Corn plants (Zea mays L.) were grown in the field on two
soils. On a droughty soil, water was withheld from some plants
during the grain-filling period while other plants were irri-
gated. Carbon-14 was fed to the leaves, and translocation to dif-
ferent plant parts was determined. Translocation appeared to
be more sensitive to moisture stress than was photosynthesis.
More radioactive carbon was retained in both the fed portion
and the nonfed portion of the leaf of stressed plants than in
nonstressed plants. The stalk segment between the treated leaf
and ear-node also contained less radioactivity in stressed plants
than in nonstressed plants. On a soil with higher water-holding
capacity, moisture stress was imposed on plants by root prun-
ing. Plants under severe stress continued to translocate photo-
synthetically assimilated 14C nearly as well as nonstressed plants
for 90 minutes. Between 90 and 120 minutes after labeling,
there was a major reduction in amount translocated in stressed
plants compared to the nonstressed plants. At longer transloca-
tion times the rates of translocation appeared again to be more
nearly equal.

Almost every plant process is affected directly or indirectly
by water deficits. Some processes are quite sensitive to water
stress, but others are relatively insensitive. When plants are
subjected to water stress, there is a decrease in photosynthesis
and cell enlargement (10). There is considerable retention of
carbohydrates in photosynthetic tissues (8, 10). Although trans-
location proceeds, its rate is reduced (3, 6, 10). Reduced trans-
location is rarely mentioned as a factor in reduced plant growth
under limited moisture. This is surprising, since the pressure
flow hypothesis would require a pressure potential gradient
between the leaves and the receiving organs before any trans-
location of sugars could occur. Such a pressure potential gra-
dient would be reduced as the internal moisture deficit in-
creased. If this hypothesis is correct, translocation could be
one of the chief physiological factors limiting growth under
unfavorable moisture conditions. Quantitative measurements of
water stress imposed on plants during a translocation study are
rare. This study was conducted to determine the effects of
plant water stress on the translocation and distribution of 14C
photosynthate in corn plants during the grain-filling period.
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MATERIALS AND METHODS

Experiment I. Corn seeds (Zea mays L., PAG SX-29 single
cross) were planted by hand, two seeds per hill, on June 1,
1971. Row spacings of 75 cm, with 60 cm between hills within
a row gave a population of 44,440 plants/ha. Each of four
plots contained 19 rows with 26 plants/row. Two plots were
irrigated and two were not irrigated ("dry treatment"). The
soil was Warsaw sandy loam with a low water-holding capacity.

Treatments were imposed after 54 days growth. For the dry
treatment, the soil was completely covered with plastic sheets
90 cm wide which did not allow the penetration of rain. The
plants in the irrigated treatment were watered regularly using
perforated plastic hose lines between rows.

Measurements of soil moisture content were made with a
neutron probe (Troxler Model 104) at 30-cm increments of
soil depth via an aluminum tube installed in the center of each
plot to a depth of 120 cm. Observations were made at 7-day
intervals.

Leaf water potential values were determined by the pressure
chamber technique developed by Scholander et al. (7). Paired
plants in each hill allowed the determination of leaf water
potential on one plant while the other was being fed 14C02. The
second leaf above the ear was used for both leaf water potential
measurements and feeding '4CO2-

Pollination started on July 28, and silking dates were re-
corded for each plant. On August 19 and 22, 19 days after
pollination, 40 plants with one ear were selected at random.
A segment (10 X 7 cm) of the second leaf above the ear
(approximately 60 cm from the leaf collar) was enclosed in a
Plexiglas chamber (total internal volume approximately 190
cm') in which approximately 50 ,c of "4CO were generated.
The leaf was exposed to "CO, for 5 min, after which the
chamber was removed. All labeling was done between 10:30
AM and 2:30 PM.

Translocation times, which did not include feeding time,
were: 0, 60, 120, and 360 min, selected on the basis of Eastin's
results (2). Six plants were used for each translocation time.
The temperature during the experiment varied between 26

and 32 C. Solar radiation during the feeding period averaged
65.4 and 54.7 langleys/hr on August 19 and August 22,
respectively.
The plants were harvested and individually separated into

"CO-treated part of the fed leaf, the remainder of that leaf,
the stalk between the node of the treated leaf and the node
of the ear, the husk and shank, and the kernels which were
divided into three equal parts: the portion on the bottom of
the ear, the portion on the middle, and the portion on the tip
of the ear. Plants harvested 360 min after feeding were in-
dividually separated into the same parts as the others, plus all
the leaves below the ear, all the leaves above the fed leaf, the
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first leaf above the ear, the ear leaf, the stalk above the treated
leaf, the stalk below the ear, and the tassel.
The plants were excised, dissected, and immediately frozen

at -15 C. The samples were dried, weighed, and ground. Two
10-mg subsamples were taken from each sample (except in the
case of the treated leaf part, from which three subsamples were
taken). These were digested in 0.5 ml of a mixture of HCIO4
and H,02 (1 :1), heated for 3 hr at 65 C, and then 10 ml of a
mixture consisting of 500 ml of 2-ethoxyethanol, 500 ml of
toluene, and 4 g of Omnifluor were added.

All radioactive measurements were made in a liquid scintil-
lation spectrometer (Packard Tricarb Model 3003). Samples
were counted for 10 min or to a total of 100,000 counts,
whichever came first. Values for all samples were corrected
for background radiation and quenching.
The amount of "4C in each plant part was expressed as per

cent distribution of the "relative total activity" (counts/min-

Table I. Average Leaf Water Potential Observed Hourly During
the Translocation Period of Experiment I

Time from Exposure to 14CO2 Irrigated Dry

hrs -bars

0 13.4 17.9
1 15.3 20.2
2 17.6 21.8
3 16.7 20.8
4 15.6 19.6
5 13.6 17.9
6 11.9 16.6

Table II. Soil Water Coizteizt (Perceiiiage Vohume Basis) and Soil
Moisture Tensionz Before and After Labeling

Depth Aug. 17 Aug. 24

cm N -bars -bars

Not irrigated
0-30 11.0 < 15.0 9.0 < 15.0
31-60 15.1 5.0 13.0 10.5
61-90 15.8 4.1 14.2 7.5
91-120 15.2 4.7 15.3 4.8

Irrigated
0-30 28.6 0.4 32.1 0.2
31-60 31.0 0.2 34.8 0.1
61-90 27.0 0.6 29.4 0.3
91-120 13.8 8.0 14.6 5.6

mg X weight of the part plan/the sum of the radioactivity in
all plant parts).
Of the remaining plants with only one ear, 45 were chosen

at random from each treatment, and the ear was harvested af-
ter ripening. These samples were dried, and the kernel weight
for each sample was determined.

Experiment II. Corn was planted May 28 on a Chalmers
silty clay loam (a soil with relatively high water-holding capac-

ity). Row spacing was 75 cm, distance of plants within the row
was 20 cm, and density of plants 66,700 plants/ha. Pollination
of the treated plants was on July 27.

Three treatments were imposed: (1) normal plants, (2) plants
with part of the roots cut, and (3) plants without roots. The
morning of the day before feeding the plants with 14CO2, a

trench was dug along the row on both sides at a distance of
approximately 15 cm from the plants. This treatment removed
many of the roots buxt left some supporting the plant. Plants in
that row were selected at random to be used for treatments 2
and 3. The plants for treatment 3 were removed from the soil
with approximately 1 dm3 of soil and roots after feeding them
with "4CO.. The stem was immediately recut underwater to
ensure water continuity to the stem and leaves, and left stand-
ing with the base of the stalk in the container of water. Plants
for treatment 1 were selected at random from adjacent un-

damaged rows.

Plants with only one ear were used in all cases. The selected
plants were fed '4CO2 as described in experiment 1. Transloca-
tion periods were 0, 0.5, 1, 1.5, 2, 4, 8, 20 hr, 2 and 4 days.

Solar radiation was recorded at a weather station about 200
m from this experimental site. Solar radiation averaged 61.9,
70.3 and 68.4 langleys/hr on August 10, 12, and 17, respec-

tively, the days when plant labeling occurred.

RESULTS AND DISCUSSION

Experiment I. Plants did not show signs of wilting, even

though there were differences in plant water potential as shown
by the pressure chamber data in Table I. The plant water po-
tential changed during the translocation period reflecting the
evaporative demand associated with insulation and tempera-
ture. Water volume percentages in the soil (Table II) decreased,
particularly in the surface layer (0-30 cm) under the dry treat-
ment. Soil water was at tensions normally considered available
to plants only at depths greater than 30 cm. The control plots
had only slight fluctuations of soil water content and were
maintained near field capacity during the experiment.
The distribution of "4C-photosynthates at various times after

labeling are shown in Table III. In this experiment each plant

Table III. Distributionz Percentages and Standard Deviationis of 14C in Various Plan2t Parts Relative to
Total Activity Recovered, Experimenit I

Data are means of three replications.

Translocation Tetnt Treated Part of Remainder of Stalk between Sakblw Atvt
Period Treatment Fed Leaf Fed Leaf Treated Leaf Node Husk and Shank Kernels Ear Node Recoveredand Ear Node

hr % =i: SD cpm X 10-8
0 Irrigated 98.3 4 2.0 1.7 4 2.1 ... ... ... 3215

Dry 97.3 4 2.1 2.7 4- 2.1 ... ... ... ... 2733
1 Irrigated 55.9 4 3.6 22.2 4 1.2 18.0 ± 0.8 1.7 t 1.2 2.2 i 1.5 ... 5248

Dry 64.6 i 1.5 25.1 + 1.6 7.0 4 1.1 1.8 4 0.6 1.6 i 1.0 ... 4206
2 Irrigated 41.9 4 3.7 7.6 4 2.1 20.6 4 3.3 11.2 4 1.0 18.6 ± 2.0 ... 4065

Dry 58.1 4 1.9 20.5 4 3.8 6.9 4 1.1 3.4 ± 0.5 11.0 4 0.9 ... 3617
6 Irrigated 24.3 4 2.9 5.8 4 1.0 13.4 4 0.8 8.6 4t 0.4 40.0 4 3.0 7.8 t 0.4 5048

Dry 39.5 4 3.2 18.2 ± 2.9 7.5 ± 1.3 3.9 ± 0.9 23.4 ± 3.9 7.5 4 1.3 3512
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Table IV. Average Hourly Leaf Water Potential During the First
8 Hr of the Translocation Period of Experiment II

Treatment
Time from

Exposure to 14CO2
1 ~~~23

hr -bars

0 14.8 18.7 19.3
2 20.0 25.1 25.3
4 17.6 22.6 26.2
6 15.0 19.0 21.5
8 12.1 16.4 18.5

was exposed to 14CO, for exactly 5 min. The plants in the irri-
gated plots absorbed an average of 20% more 14C than did
those in the stressed plots. Sixty per cent more labeled assimi-
late was retained in the treated segment of the stressed plants
than in those of the nonstressed plants after 6 hr. A greater
portion of the label was also retained in the remainder of the
fed leaf in the stressed plants than in that of the irrigated
plants. This appeared to be the case at all time intervals. The
lower percentage values in the untreated portion of the leaf of
the irrigated plants may have been caused by a higher flux of
labeled assimilates through the intervening tissue. Perhaps there
was a greater accumulation of label in the leaves of stressed
plants due to more mixing of the translocated stream with
pools of soluble sugar in the mesophyll cells near the trans-
locate stream than in the nonstressed plants. A lower flux
through the conducting cells would provide more time to allow
such exchange to take place and explain this result.
A substantial amount of the assimilated 14C had been trans-

located to the kernels within 2 hr after labeling. The kernels of
stressed plants had only 59% as many counts as the kernels of
irrigated plants at both 2 and 6 hr. These differences are greater
than the 20% differences in amounts of 14C fixed at 0 hr, sug-
gesting that translocation may be more sensitive to stress than
is photosynthesis. Hartt (3) also observed that translocation
in sugarcane was more sensitive to moisture stress than photo-
synthesis. The stalk segment between the treated leaf and the
ear as well as the husk and shank segments appeared to func-
tion as tissue through which the labeled assimilate was trans-
ported, with no evidence that more accumulated in these areas
of the stressed than of the nonstressed plants. In fact, more
radioactivity was contained in the intervening stalk segments of
the irrigated plants than of the stressed plants. The stalk below
the ear node accumulated small amounts of radioactivity, but
differences between treatments were insignificant. The remain-
ing plant segments were found to contain insignificant levels of
radioactivity 6 hr after labeling and data are, therefore, not
reported.

Since no differences in specific activity were found at any
time among the three divisions of kernels (from the butt, mid-
section, or tip of the ear), the data are not presented. Highly
significant differences in yield were observed between the plants
grown without irrigation after July 24 and the irrigated plants.
The average kernel weight/ear was 195.4 g for the control
plants and 165.4 g for the stressed plants.

Experiment H. Wilting occurred in treatments 2 and 3. Wilt-
ing was more severe, especially in treatment 3, during the
longer translocation times, i.e. times > 4 hr. Table IV shows
the leaf water potentials observed at different times after label-
ing the plant. Average leaf water potentials of -15.9, -20.3,
and -22.2 were observed for treatments 1, 2, and 3, respec-
tively.

Translocation patterns of photosynthetically assimilated 1'C

from the leaves are presented in Figures 1 and 2. The average
number of cpm/plant recovered for treatments 1, 2, and 3,
respectively, were 4013 X 10', 3564 X 10', and 3576 X 10g.
The percentage of 14C remaining in the fed area after 1.5 hr of
translocation was significantly different among treatments. The
loss of 14C from the fed area of control plants was rapid, about
60% moving out in 2 hr, and a total of more than 75% in 8
hr (Fig. 1). However, significant amounts of the assimilated
4C were retained in the fed area of plants in treatments 2 and
3.
The control plants translocated more than 60% of the as-

similated 14C from the leaf by 4 hr. This value is similar to that
found by Eastin (2) in corn during grain filling and by Hartt
(3) in sugarcane, but is lower than that observed by Hofstra
and Nelson (4) in corn seedlings. Approximately 8 hr were re-
quired for the leaf to export 50% of "C photoassimilated in
plants from which all roots were excised. Less than 5% of the
14C was found after 4 hr in the portion of the fed leaf not
labeled in treatment 1, but in the case of plants under water
stress, the percentage of 14C was greater, approximately three
times greater in treatment 3 plants than in treatment 1 plants.
The assimilated 14C was retained at a fairly steady high level
in the nonfed portion of the leaves of plants in treatment 3 for
several hours; after 20 hr the concentration of 14C decreased.

100
TREATED PORTION OF FED LEAF

90

80 \

70 V.

60 -

50-

..................40

ma 30
a:
O>0 I 4.7o 20
a:

10

4

U 20 UNTREATED PORTION OF FED LEAF

Z-
12

O~~~~~~~~~~~ 2.

| 2 ~~4 ' 9
HOURS AFTER LAKLING

FIG. 1. Percentages of recovered radioactivity in fed portion
and in the remainder of labeled leaf. I: no root removal; II: partial
root removal; III: complete removal during translocation period.
Values in margin are percentages of total radioactivity remaining in
tissue 96 hr after labeling the plants.
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FIG. 2. Percentages of recovered radioactivity in stalk segment
between labeled leaf node and ear node, husks and shank, and
kernels. 1: no root removal; II: partial root removal; III: complete
root removal during translocation period. Values in margin are

percentages of total radioactivity remaining in tissue 96 hr after
labeling the plants.

Higher (less negative) plant water potentials during the night
may have allowed translocation of that carbohydrate.

Accumulation of '4C-photosynthates in kernels continued
throughout the translocation period but was slower in treat-
ment 2 and especially in treatment 3. Forty per cent of the
4C recovered was found in the kernels at approximately 3, 8,
and 20 hr in treatments 1, 2, and 3, respectively.
The levels of 14C constituents in the labeled portions of the

fed leaves were significantly different only after 60 to 90 min.
Whether the stress treatments affected rate of movement
through the phloem, as suggested by the higher values obtained
in the untreated portion of the fed leaves of stressed plants, or

some other aspect of the plant's metabolism is not clear. Rate
of transport could be as great, but at a lower velocity of flow
in the phloem, if the concentration of solutes were higher in
stressed plants. Techniques used in this study could not dis-
tinguish differences in rate and velocity. Intermediate carbo-
hydrate pool sizes might have been different in experiment I,
where the stress was imposed gradually by withholding water.
In experiment II the stress was imposed more quickly by root
pruning the day before labeling. The discontinuity in the slopes

suggest that the translocate may have come from different
pools. During the first 60 to 120 min following labeling the
translocate may have come directly from chloroplast pools of
soluble sugars; whereas after longer time intervals the trans-
locate may come from carbohydrate pools less available for
translocation. The logarithmic profile of translocation patterns
has been explained by Clauss et al. (1) and Hofstra and Nelson
(4) as the result of translocate being accumulated in or near
the phloem. The higher levels of radioactivity found in the
stalk and husk and shank segments of the irrigated plants in
the early hours after labeling may have resulted from more
labeled carbohydrate moving through these tissues. It is some-
what surprising that an exchange with carbohydrate pools in
the tissue adjacent to the conducting cells did not occur in these
tissues as apparently did in the nonlabeled portion of the leaf.
An alternative possibility that root pruning modified sink ac-

tivity seems remote in that the rates of "4C accumulation in the
kernels of pruned and unpruned plants appeared to be quite
similar after 2 hr (experiment II). Levels of 14C accumulation
in the kernels were affected by the difference in accumulation
between 90 and 120 min. One might have expected inconsistent
results between experiments I and II because of the differences
in the manner in which the moisture stress was imposed; how-
ever, the data appear consistent between experiments as well as
among treatments in experiment II.
The depressive effect of water stress on photosynthate trans-

location reported here is in agreement with the observation of
several other authors (3, 5, 6, 8-10). It has been suggested
that some forms of growth are less sensitive to water stress
than cell expansion. Wardlaw (9) found a continued move-
ment of assimilates from the leaf to the developing wheat grain
under water stress conditions. He also observed a lower veloc-
ity of sugar transport from leaves of stressed plants than
from well watered plants. Water potential of the leaf appears
to be a critical indicator of the capacity of the corn plant to
translocate "4C-photosynthate. In these studies, the imposition
of water stress which lowered the leaf xylem potential from
approximately -15 to -20 bars caused a 30% reduction in
the movement of 14C translocation during the first 2 hr follow-
ing labeling.
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