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Abstract. Fully expanded apical leaves of Ipomoea batatas (L.) Lam. cv. Jewel were exposed three times during the
day to a square wave of !'CO, for sufficient duration to approach steady-state isotope equilibrium in the plant. This
procedure allowed monitoring of changes in the storage of photosynthate within the treated leaf and the transport
and allocation of this carbon throughout the plant during the day. Early in the day, export of photosynthate from
the treated leaf predominated over storage (57:43%). By mid-day, export had declined to a point that storage was
favored (44:56%). Toward late afternoon, export again increased (54:46%). These changes in the allocation of carbon
within the leaf were reflected by alterations in the size and turn-over time of the export pool of photosynthates within
the labeled leaf. The latter increased progressively from early morning (19 min) until late afternoon (27 min). The
speed of photosynthate transport within the plant varied with position along the main stem. Speeds up to 6 cm-min-!
were found between short segments of the stem (i.e. =10 cm). As the distance between sites increased, slow and fast
rates were averaged, giving mean speeds of 2.0 to 2.5 cm'min-!. The speed of transport also changed during the day
and depended, in part, on the position of the transport path along the main stem. Virtually ne carbon was translocated
acropetally from labeled fully expanded apical leaves during the day. Although some photosynthate was translocated

Ipomoea batatas. ''CO,

into lateral branches developing at the base of the plant, the predominate sink was the root system.

Unlike most domesticated plants grown for staple foods, root
and tuber crops have evolved survival and reproductive strate-
gies in which accrued carbon is stored in specialized fleshy
organs. It is evident from net carbon allocation patterns in these
plants at harvest that the interrelationship between the above-
ground plant parts and their root system is distinctly different
from other domesticates. One of but a number of important
differences can be seen in the storage organ per se. The storage
root of the sweet potato represents a highly plastic sink in con-
trast to storage sites in crops such as cereal grains. In the sweet
potato, both the volume and length of time for deposition of
carbon are not rigidly fixed, while cereals have a relatively short
period in which photosynthates are deposited into a fixed po-
tential volume (19).

Although sweet potato is ranked sixth in world production,
surprisingly little is known about its carbon acquisition, trans-
port, and allocation system (19). From dry matter partitioning
studies between grafted plants with varying propensities for the
formation of storage roots, it is evident that storage root sink
strength is an important factor affecting final yield (10-12). In
addition, leaf age and position can influence the fixation and
transport of carbon by the plant (14-18). Thus, both the absolute
flux of photosynthate and the directional allocation are impor-
tant in determining yield.

The carbon fixation, transport, and allocation system of the
sweet potato changes not only as the plant develops during the
growing season but also during the normal daily light-dark cycle.
To understand the operative mechanisms modulating eventual
yield, we studied short-term changes in the carbon fixation,
transport, and allocation system of the sweet potato.
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To accomplish this, we used the short-lived isotope ''C, which
has a number of distinct advantages over the long-lived isotope
14C. 'C decays by positron-emission, followed by a nuclear
annihilation reaction that emits two 0.5-million volt y-rays at
an orientation of 180° to one another (21). The primary advan-
tages of ''C are that it: a) emits a form of radiation that can be
measured quantitatively, in real time, and nondestructively in
live objects; b) it decays quickly (half-life = 20.4 min) to back-
ground levels, allowing experiments to be conducted repeatedly
on the same plant; and ¢) it allows coincidence counting and
positron-emission tomographic imaging.

Materials and Methods

The research was conducted at the Duke University Phytotron
due to the availability of a 4-MeV Van de Graaff accelerator
nearby (=100 m) in the Physics Dept. Nuclear Laboratory.

Plant material. Sweet potato plants of the cultivar Jewel were
grown in 29.5-cm-diameter plastic pots containing 1.33 Terface
: 1.33 vermiculite : 1.33 gravel : 1 Norfolk sandy loam (by
volume). The plants were held in controlled environmental
chambers at the Phytotron under the following conditions: 28°
day/24°C night temperatures, 15-hr photoperiod (0700 to 2200
HR) of 600 wmol-s~'m~2 combined fluorescent—incandescent
light, and an ambient CO, concentration of 350 cm*-m~3. Due
to the filtering out of ultraviolet (UV) radiation by glass heat
shields in the top of the growth chambers, we exposed the plants
to low levels of UV radiation from a GE 275-W sunlamp (CG
401-E16RS) to prevent the formation of intumescences on the
leaves.

The vines were supported by horizontal bamboo rods extend-
ing outward from the pots. New growth was secured weekly
with plastic coated wire ties, allowing minimal disruption of the
canopy when positioning the plant for labeling and placement
of coincidence detectors. The precise geometry of the plant (node
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number from the base and length, petiole length and position,
and leaf blade length and width) was ascertained several days
before each run. This determination allowed precise positioning
of detectors and knowledge of their exact location from the
source leaf.

Individual plants with mainstems 55 to 60 cm in length, nu-
merous lateral branches, and having 140 to 160 leaves were
placed in their final position with detectors in place at least 24
hr before labeling with ''CO,. Previous work (20) with the
sweet potato had shown that even slight agitation of the plant
prior to labeling would decrease dramatically the transport of
photosynthate from the leaves. This decrease also has been ob-
served in other species (9).

Isotope production and on-line chemistry. A continuous flow
of ''C was produced by bombarding a stream of '>CO, in a
specially constructed target chamber with a *He beam (6) (Fig.
1A). A Haver window (0.08-mm thickness) was used and the
target chamber cooled with dry ice. The nuclear reaction (3)
was '°C (*He, *He)''C with the *He beam produced using a 4-
MeV Van de Graaff accelerator. This provided a continuous
stream of '2CO,. ''CO,, ''CO, and '2CO, which flowed through
a Teflon capillary line from the accelerator to the Phytotron
where the labeling experiments were conducted.

To increase and control the specific activity of the CO, it
was essential to remove the '2CO, and ''CO, present in the
stream of gases. This removal was accomplished by passing the
gases through an Ascarite column, which removed CO, but not
CO. The CO, free air then was passed through a heated column
of CuO (600°C), which oxidized the ''CO and '*CO to ''CO,
and lzCOZ (Fig. 1B), resulting in an =1000-fold increase in
specific activity over the original gas mixture from the target
chamber. The gases then were passed through a dew point ana-
lyzer to determine the moisture content, an infrared CO, ana-
lyzer to determine total CO, concentration, and a cuvette equipped
with a y-ray detector to determine the specific activity of the
gas mixture (Fig. 1C). The flow rate and CO, concentration
were adjusted with CO,-free air or air with supplemental CO,
(21).

Application of ''CO> to the plant. The air containing ''CO,
and appropriate CO, concentration (375 cm*-m~%) (tested by
bypassing the leaf chamber to the infrared CO, analyzer), before
passing through a cuvette-detector arrangement to monitor the
specific activity of the gas (**In Monitor’’). The air with ''CO,
then moved into a specially constructed clear plastic Lexan leaf
chamber with a water jacket on the top and bottom of the leaf
(Figs. 1D and 2). The chamber was constructed of a 2-mm-
thick closed-pore neoprene gasket on each water jacket. The gas
was passed over the upper surface of the leaf (20 cm?), exited
the opposite end, then entered the lower chamber, passing over
the lower surface of the leaf. The exiting gas then moved through
a second cuvette-detector (**Out Monitor’’), where the remain-
ing ''CO, was measured. The A''CO> then could be determined
by subtracting the radioactivity of the **Out Monitor’” from the
**In Monitor’’ and correcting for decay and detector sensitivity.
The gas subsequently flowed through a second infrared CO,
analyzer and dew point analyzer before passing on to a delay
line and vent (Fig. 1C).

Positioned below the leaf chamber was a single y-ray detector
to monitor the build-up of activity within the labeled leaf (Fig.
2). The "Line’’, **In Monitor’’, ‘*Out Monitor’’, and *‘Leaf”’
detectors were lead-shielded to prevent excitation by other sources
of radiation.

Additional detectors were positioned on the plant’s main stem
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at various intervals from the treated leaf to monitor the move-
ment of labeled photosynthates throughout the plant (Fig. 1D).
These detectors were positioned as pairs on each side of the
main stem to allow coincidence counting (Fig. 3). Because the
energy level of the emitted y-rays was sufficiently high to excite
any unshielded detectors in the room, interference by peripheral
radiation was eliminated by time-coincidence counting. Since
two -y-rays are emitted from a single positron at an 180° ori-
entation from one another, the paired detectors were electroni-
cally required to *‘see’’ both vy-rays simultaneously, thus allowing
precise localization of the source (decaying ''C) and minimi-
zation of undesired background. The geometry of the paired
detectors and the stem was therefore critical. This geometry was
standardized using specially constructed plastic foam fittings
(Fig. 2). Generally, five pairs of detectors in addition to the
single detectors previously mentioned were used; one on the
petiole of the treated leaf, one on the main stem above the
treated leaf, and three on the main stem below the treated leaf
(Fig. 1D). One additional shielded detector was placed on the
medium surface over the developing storage roots.

The detectors consisted of either NE 102 (singles detectors)
or CsF (coincidence detectors) optically coupled to photomul-
tiplier tubes. Each detector or set of paired detectors were cal-
ibrated prior to and after each run using a specially configured
y-ray source (?>Na).

Signal processing and counting. Signals from the detectors
were processed using a standard nuclear instrumentation elec-
tronics modular (NIM) and counted with a computer-automated
measurement and control system (CAMAC) (Fig. 1E). Modules
in the CAMAC also received signals from the CO, infrared
analyzers, dew point analyzers, and flow meters. The CAMAC
was interfaced with a Hewlett Packer 9845B (option 250) mi-
crocomputer with 186Kbyte memory. This system allowed CRT
graphic display of the experimental data in real time as the
experiment progressed and direct screen copies using a thermal
printer. Raw data inputs were displayed every 60 sec on the
CRT during the course of the experiment. The specialized soft-
ware for data handling and manipulation was developed by one
of us (C.E.M.). Additional details on signal processing and
counting have been published previously (21).

Data manipulation and parameters measured. Due to the high
energy of emitted y-rays and the short half-life of ''C (20.4
min), a number of computations must be made during the
processing of raw data. These computations include corrections
for background (background counts for coincidence counters
were typically 10 to 12 counts/min), induced background, cal-
ibration sensitivity of each detector or pair of detectors, ge-
ometry of the detectors, relative specific activity (''CO4/'2CO,),
and decay of ''C during transit. In addition, data inputs were
made for plant geometry, detector location on the plant, leaf
chamber area, and flow rate, which were used in several specific
computations. All raw data were processed using a smoothing
routine to minimize random data spikes (24).

We measured the characteristics of the carbon acquisition,
transport, and allocation system within the sweet potato listed
in Table 1.

In order to obtain both time-dependent and steady-state in-
formation, we used an extended square wave of radioactivity,
which gave a leading edge, a steady-state portion, and a tailing
edge once labeling was discontinued. Carbon allocation within
the leaf was treated as a two-compartment system, where activ-
ity from the storage compartment is lost only by isotope decay
and activity in the export department is lost both by decay and
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Fig. 1. Schematic presentation of the system used for the steady-state production of ''C and measurement of its introduction into and transport
within a sweet potato plant. (A) ''C is produced by bombarding a flowing stream of 12CO; in a specially constructed target chamber with a
beam of 3He from a Van de Graaff accelerator (4 MeV) (B) The carbon products of the reaction (''CO,, ''CO, 2CO,, and '*CO) are
transported to an on-line chemistry station within the Phytotron. Carbon dioxide is removed from the air stream using -a shielded ascarite
column. The remaining carbon monoxide (''CO and '2CO) is oxidized by passing the gas through a CuO column at 600°C. (C) The air
containing ''CO, is monitored for flow rate, moisture, CO, concentration, and specific activity (‘‘In Monitor’’). Air with additional CO, or
without CO, is added to maintain the CO, concentration at 375 cm?-m-3. Labeled and unlabeled mixtures arrive at a 4-way valve where one
of the streams is selected to flow to the leaf while the other is diverted through the exhaust system. (D) The air containing ''CO, enters a
leaf chamber (see Fig. 2), passing over the upper surface of the leaf then over the lower surface. It then moves to an *‘Out Monitor’* (C) to
determine the change in radioactivity, and a CO, analyzer and dew point meter before passing into a delay line and vent. The plants (D) had
detectors (denoted as D;_g) at various positions on, above, and below the treated leaf. Illustrated is the precise position of each leaf and
lateral branch from the base of a representative plant and the length of the individual petioles and leaf blades. (E) Electrical signals from the
various detectors and other monitoring equipment were fed into a nuclear instrument electronic module for signal processing, then to a
computer-automated measurement and control unit for quantification and finally to a HP microcomputer for data processing and storage.
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Air containing ''CO, was introduced into a water-jacketed leaf chamber constructed of clear Lexan plastic. The leaf chamber portion

was constructed with a 2-mm-thick, closed-pore neoprene gasket on each water jacket. The '!'C-containing air passed over the top of the leaf,
exited through a transfer line. then passed over the bottom of the leaf. The exhaust air was then monitored as described in Fig. 1C. Directly
beneath the treated area of the leaf was a single lead shiclded vy-ray detector. Located on the petiole 2 cm below the base of the leaf blade
(not shown) was a pair of coincidence y-ray detectors (i.e.. see Fig. 3) for monitoring the exit of label from the leaf blade.

DETECTORS

SUPPORT
TUBING

Fig. 3. A pair of detectors for coincidence counting were positioned
at various places on the plant. Special mounting apparatus for the
detectors and holding blocks for the stem allowed precise positioning
of the detectors.

export (i.e., replaced by '’C in a steady-state turnover of car-
bon). There may be small respiratory losses from both pools
during the washout period, however. These are not of sufficient
size to be resolved by the tracer kinetic analysis. Parameters
such as carbon exchange rates, relative pool sizes, turnover rate,
and export rate were calculated through the analysis of the leaf
radioactivity loss curve after cessation of steady-state labeling.
For a detailed description of the theoretical assumptions and
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Table 1. Characteristics of the sweet potato carbon acquisition, trans-
port, and allocation system.

Parameter Unit of measurement
Leaf
Net rate of ''C assimilation nCi-cm 25!
Rate of export of !'C photosynthate nCi-cm 25!
from the leaf
Rate of storage of ''C photosynthate nCi-cm 2+~
in the leaf
Turnover time of the export pool minutes
Percent export e
Steady-state ''C activity of the nCi-cm 2
export pool”
Transport
Speed of photosynthetic transport cm-min !
throughout the plant
Mean transit time to various sites in minutes

the plant
Average steady-state activity at the
various sites

nCi/cm (stem) per cm?
(treated leaf arca)

“Proportioned to the concentration of the export pool.

mathematics used to analyze steady-state and time dependent
curves of the isotope within the leaf, see Fares et al. (7).

The net storage rate was determined from the amount of ''C
remaining in the leaf after cessation of labeling (corrected for
half-life, background, and induced background) (Fig. 4). The
export component was calculated from the slope of the washout
curve, which we and others have found to follow a simple ex-
ponential function (7). The total rate of assimilation was the
composite of the storage rate and the export rate. Export turn-
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Fig. 4. Typical plot for the loss of radioactivity from the labeled leaf
following the cessation of steady state labeling. After cessation of
labeling, three curves are obtained: a “*wash out’” curve of the un-
corrected raw data; the loss of activity after correction for the half-
life of the isotope, which represents the composite of both the storage
and export components; and the export component of the curve (i.e.,
storage component subtracted out).
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Fig. 5. The arrival time of the !'C-labeled photosynthate front at each
set of detectors (D>—Dg) was determined using an expanded arith-
metic plot of the counts/min at each detector (corrected for back-
ground and induced background). For each upward trace a line was
fitted (circles) from the first data point above 10 CPM through the
next 15 points upward (60-sec intervals). The time where the fitted
line extrapolated to zero CPM was the arrival time of the !!C-labeled
photosynthate at that detector.

over time was determined from the steady-state activity level in
the export pool and the rate of export of label from the export
pool.

Transport speeds between various positions on the plant were
calculated from the arrival time of the ''C front at each pair of
detectors minus the arrival time at the nearest upstream detectors
and the distance (centimeters) between the respective pairs of
detectors on the stem. Arrival time was determined by using an
expanded arithmetic plot (Fig. 5) of the counts/min in paired
detectors along the transport path (corrected for background,
induced background). Arrival of the ''C front at each position
was indicated when counts in the coincidence detectors in-
creased sharply (Fig. 5) (i.e., >1% of the final level). A line
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was then fitted from the first data point above 10 CPM through
the next 15 points upward (60-sec intervals). The time where
this fitted line extrapolated through zero CPM was used as the
arrival time. Distances between individual detectors were cal-
culated automatically from X-Y coordinates entered at the be-
ginning of the experiment and the mean transit speed (cm-min~")
determined between each set of coincidence detectors.

Experimental protocol. To determine changes in the carbon
fixation, transport, and allocation system of the sweet potato
during the day, we exposed plants three times during the normal
15-hr light period to a 1.5-hr square wave of ''CO,. This la-
beling pattern allowed all points on the plant to approach steady-
state. At that time, the treated leaf was switched from ''CO,
to '2CO,. The loss of label throughout the plant was monitored
over the next 2.5 hr. At the end of this time interval, the radio-
activity in the plant approached background levels.

Simultaneous runs were made on two uniform plants at a
time. Additional runs were made during the course of these
experiments and over the previous 2.5 years. Since each test
plant was unique, it was not possible to use exactly the same
geometry for the detectors. As a consequence, it was not pos-
sible to calculate a meaningful average for specific parameters
over several plants. However, the results were identical in trend
and general magnitude for other plants similarly treated in this
series of experiments.

The carbon fixation, translocation, and allocation system in
the sweet potato was measured during the morning (beginning
=2.5 hr after the lights came on), mid-day (beginning at the
7th hr), and in the late afternoon (beginning at the 13th hr or 2
hr before dark) of a 15-hr photoperiod. Because of the short
half-life of ''C, the experiment could be conducted at each time
period on the same plants.

Test plants had main stems =60 c¢m in length with 28 to 30
fully expanded leaves. Lateral branches (7 to 8 per plant), rang-
ing from 3 to 43 cm in length with 3 to 16 open leaves, had
developed from the lower nodes (e.g., nodes 1, 2, 4, 5, 7, &,
and 12). In addition, the plants possessed young storage roots
(6 to 8) generally 8 to 12 cm long and 0.6 to 1.4 cm in diameter.
The total leaf area of the plants at this stage in their growth was
~4000 to 4500 cm?.

The leaf selected for the introduction of ''CO, was the most
recent fully expanded leaf toward the apex of each plant (node
28 of plant illustrated in Fig. 1D). Generally there were four to
six opened but not yet fully expanded leaves above this position.

The first pair of coincidence detectors was placed on the
petiole of the treated leaf 2 cm below the base of the leaf blade.
The second pair of detectors was positioned below the treated
leaf on the main stem between nodes 26 and 27. Subsequent
pairs were positioned between nodes 22 and 23, 17 and 18, and
8 and 9 (Fig. 1D). One pair of detectors was placed on a lateral
branch that had developed from the second node, 20 cm outward
from the main stem. One additional set of coincidence detectors
placed on the internode immediately above the petiole of the
treatment leaf. This placement allowed monitoring acropetal
transport of photosynthate. A single lead shielded detector was
placed at the base of the plant on the media surface to monitor
the movement of ''C-labeled photosynthate into the general area
of the storage roots.

Parameters that were identical at each run during the day
were: gas volume of the ''CO, leaf chamber = 7 cm?; leaf
area treated = 20 cm?; input and output flow of gas through
the leaf chamber = 7.3 ¢cm®s~'; specific activity = 0.210
Ci-mol~"'; leaf temperature = 27.3°C; and dew point of the gas
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entering the chamber = 17.5°. Parameters that varied during
the morning (AM), mid-day (MD), and afternoon (PM) treat-
ment periods were: maximum phloem counts = 5200 (AM),
5000 (MD), and 3400 (PM) CPM; transpiration = 179 (AM),
168 (MD), and 124 (PM) nm HZO/cm2 per sec [standard devia-
tions for mean transpiration rates of test leaves were = 21
(AM), = 18 (MD), = 16 (PM); for CER = 0.21 (AM), =
0.17 (MD), = 0.22 (PM); and for stomatal resistance, + 0.13
(AM), = 0.18 (MD), = 0.04 (PM).]; dew point of the gas
exiting the leaf chamber = 25.6° (AM), 25.2° (MD), and 23.5°
(PM); mean CO, concentration of the gas entering the leaf
chamber = 375 (AM), 370 (MD), and 375 (PM) cm*m~3;
carbon exchange rate 1.15 (AM), 1.21 (MD), and 1.04 (PM)
nM-cm-2-s~ ! stomate resistance = 0.390 (AM), 0.860 (MD)
and 2.18 (PM) cm?'s~! and the ACO, in the leaf chamber =
70.7 (AM), 74.1 (MD), and 64.0 (PM) cm*-m~*. These changes
represent the normal cyclic pattern of photosynthesis in the sweet
potato during the day.

Results and Discussion

Changes in leaf photosynthate during the day. The size of
the export pool of photosynthates within the treated leaf varied
substantially with time of day (Fig. 6A). The export pool was
largest during the morning (AM) and late afternoon (PM) when
a substantially greater proportion of the fixed carbon was being
translocated out of the leaf. During mid-day, the export pool
size was nearly 32% lower than the late afternoon. Likewise,
the rate of export of photosynthates from the treated leaf changed
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Fig. 6. Changes in (A) the size of the export pool of photosynthate
within the labeled leaf: (B) the rate of export of photosynthate from
the treated leaf: and (C) the storage rate of photosynthate within the
treated leaf at three times during the day [AM. mid-day (MD). and
PM].
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during the day (Fig. 6B). Highest export rates (i.e., 0.715
nm-cm~ s~ ') were found in the morning, declining at mid-day,
and increasing only slightly toward the late afternoon. There-
fore, while the size of the export pool increased late in the day,
there was not a commensurate rise in the rate of export. In
contrast to the rate of export, the storage rate of photosynthate
within the treated leaf increased during mid-day (Fig. 6C), in-
dicating that the treated leaf favored the export of photosynthate
during the early portion of the day. Toward mid-day, this shifts
in favor of the temporary storage of photosynthate in the leaf.
Storage declines late in the day, without a commensurate rise
in export. Thus, there is a sharp increase in the size of the export
pool.

This change in the carbon allocation pattern during the day
can also be seen in the shift in the relative ratio (expressed as
percent) of the photosynthate that is stored in the leaf vs. that
translocated out of the leaf (Fig. 7 top). The percent export is
greatest during the morning (AM) and late afternoon (PM), with
peak storage periods around mid-day. There is a progressive
rise in the turnover time of the export pool from early morning
(19 min) until late afternoon (27 min) (Fig. 7 bottom), indicating
a slower absolute flux of photosynthate through the pool. This
rise can be altered by both pool size and export rate. The longest
turnover time (PM) coincides with the greatest pool size (1364
nM-cm~2) (Fig. 6A). At mid-day, the export pool size was at
its minimum; however, the rate of export was also at its mini-
mum. Therefore, the effect of the smaller export pool size on
the turnover time of the export pool was in part compensated
for by changes in the rate of export during the peak periods of
photosynthate storage at mid-day.

The build-up of starch in the leaves during the light period is
a well-known phenomenon (1, 2, 8, 22, 25). This starch appears
to be hydrolized and recycled out of the leaf largely during the
dark period. Several factors are known to modulate the flow of
photosynthetic carbon between the storage and transport pools.
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Fig. 7. Changes in the percentage of fixed carbon exported from the

treated leaf (upper) and the turn-over time of the export pool of
photosynthate within the treated leaf at three times during the day
[AM. mid-day (MD). and PM] (lower).
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For example, the ratio of starch to sucrose is controlled a) ge-
netically (13); b) by sink demand (22, 23), and c) by the rate
of carbon assimilation (5).

Apical leaves in the sweet potato undergo a significant shift
in the allocation of newly fixed carbon as the light period pro-
gresses. Early in the day, transport of carbon from the apical
leaves predominated over storage as starch. During this time,
the percent export of carbon reached =57% (Fig. 6A). By mid-
day, the percent export had declined by nearly 12%. with the
storage of carbon within the leaf now favored. Late in the day,
the percent export again increased. This increase could be caused
by a decreased demand for starch synthesis in the chloroplasts,
increased sink demand for photosynthates, a decreased rate of
carbon assimilation, or other mechanisms.

Accompanying these shifts in the flow of carbon between leaf
storage and export pools are changes in other leaf parameters.
There were significant changes in the size of the export pool of
carbon within the leaf and in the turnover time of the export
pool. These alterations do not precisely mirror changes in the
allocation of carbon between storage and export functions, how-
ever. For example, increases in the turnover time of the export
pool during the day are not closely correlated with changes in
the size of the export pool, indicating that factors in addition to
pool size modulate the rate of movement of carbon through the
pool.

Translocation of photosvnthate. The transport speed of pho-
tosynthate from the treated leaf was not uniform throughout the
plant (Fig. 8). The speed in the morning (AM) was relatively
low (i.e.. 1.4 cm-min~"') between the petiole of the treated leaf
[detector 2 (D5)] and the first detector below the treated leaf
(D3). This speed also was found for the transport of the pho-
tosynthate between the most basipetal detector on the main stem
(Ds) and the root system (Dg). Between detectors 3 — 4 and 4
— 5, the speed of the photosynthate within the phloem increased
dramatically during the early morning.

At mid-day. the transport speed remained relatively constant
between the uppermost detectors below the treatment leaf and
the basipetal detector positions (i.e., D, = D3 and Ds — D).
Mid-day transport velocities between D3 — D, — D5 remained
significantly higher than both more apical and basepetal seg-
ments of the main stem, but had declined considerably from the
morning rates.

By late afternoon, the mid-stem detectors (D3 — D4 — Ds)
had declined to their lowest speeds measured during the day,
while the velocity of the initial petiole-stem segment (D, — D5)
had increased substantially. This increase in speed of photosyn-
thate from the leaf late in the day was consistent for all plants
tested. Likewise, the velocity of photosynthate between detec-
tors D, — Ds was consistently higher at this time of day than
for the segment of the main stem immediately above it.

Differences in transport speeds along the stem have been noted
previously for Ipomoea nil Roth. (4). Variations in speed noted
in their experiments were inconsistent and did not form a distinct
pattern along the stem (e.g., increasing or decreasing progres-
sively toward the base of the plant). The lack of consistency in
the differences in speeds may have been due to both the rela-
tively low transport speeds of the species (i.e., 0.6 to 1.0
cm'min~') and the substantial distance between detectors. Large
distances would result in an integration of slower and faster
rates along the stem (described later).

Differences in transport velocities between various sites along
the main stem may perhaps be due to influxes of photosynthate
from other leaves along the stem and/or changes in the resistance
to flow once the photosynthate enters the phloem traces of the
main stem. The low transport speeds between the petiole (D5)
and the first basipetal detector (D3) on the main stem in this
study would indicate restricted movement within the petiole and/
or from the petiole into the main stem.

While changes in the transport speed of photosynthate within
specific segments of the main stem is of considerable interest,

PHOTOSYNTHATE TRANSPORT VELOCITY
BETWEEN VARIOUS SITES ON THE PLANT

=
c
IS
TREATED LEAF
£
e
] DETECTOR 1
2 (D,)
5 D, D,
] L L gl LI g T L Te | D
0 40 rL 30 h 20 S

DETECTOR POSITION FROM
THE BASE OF THE PLANT

(cm)

Fig. 8.
day (MD), and PM].

J. Amer. Soc. Hort. Sci. 112(3):545-554. 1987.

Mean photosynthate transport velocity between various basipetal positions on the main stem at three times during the day [AM, mid-
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Changes in the mean transport velocity of photosynthates between the petiole of the treated leaf (detector 2) and various basipetal

positions on the mainstem from the treated leaf at three times during the day [AM. mid-day (MD), and PM].

the net effect on arrival time at specific sites (e.g., storage roots)
is critical. Illustrated in Fig. 9 are the mean transport speeds of
photosynthate from the top of the petiole of the treated leaf (D,)
to various basipetal positions on the main stem.

Generally, the mean speed from the petiole of the treated leaf
to various sites below ranged from 1.8 to 2.5 cm-min~"'. There
was typically an increase in speed toward the base of the main
stem and a decline in velocity as the photosynthate entered the
root zone. The latter may be partially artificial, since only a
single detector was used over the root system and it surveyed a
much broader area. Highest transport rates were found in the
late afternoon (PM) for movement out of the petiole to the initial
detector on the main stem below the treated leaf. Thus, while
the mean speed of photosynthate between the treated leaf to
various points down the main stem appears relatively uniform,
mean speed represented the composite effect of differential speeds
along the transport path. Thus, the greater the distances between
detectors [in the case of Christy and Fisher (4) the detectors
were =30, 110, and 230 cm below the treated leaf], the greater
the degree of integration of the varying transport speeds.

The mean velocities for ‘Jewel’ (=2.0-2.5 cm'min~!) were
comparable to those reported for ‘Okinawa No. 100° (2.13
cm-min~') (17). Both cultivars displayed considerably higher
transport speeds than ‘Centennial’ (20). Thus, there exists a
considerable range in the rate at which photosynthates are trans-
ported both within the genus Ipomoea, between cultivars of the
species /. batatas, and within individual plants.

To determine the relative amount of acropetal to basipetal
transport, we calculated the average '*C equivalents of photo-
synthate at each detector (Fig. 10). It is evident from the ac-
ropetal detector (Dg) placed on the internode immediately above
the petiole of the treated leaf that virtually no carbon is trans-
located from the treated leaf toward the growing shoot tip during
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the day. Growth of the main stem apex appears then to be
dependent upon either carbon recycled from the storage pool
within the apical leaves during the night or that provided by
more apical (or, less likely, more basal) leaves on the plant.

These results differ distinctly from those described for *Oki-
nawa 100’ (18). Here, both apical and basal leaves exhibit bi-
directional transport, with the lower leaves transporting a greater
percentage of their fixed carbon in a basipetal direction. The
two cultivars represent selections from distinctly different gene
pools. The results, as a consequence, suggest that there is a
significant range in the carbon allocation pattern within the spe-
cies.

While acropetal transport was negligible, a significant amount
of photosynthate was translocated into a basal lateral branch.
Hence, lateral branches exhibited acropetal transport of carbon
derived from apical leaves on the main stem. The lateral branches
tested typically had a number of fully expanded leaves capable
of photosynthate export. From the arrival time of the photosyn-
thate at the coincidence detectors on the lateral branches, it is
not entirely clear if the photosynthate moves directly into the
lateral branch or first moves to the root system and then is
transported into the lateral.

Differences in the average 'C equivalents of photosynthate
during the day reflect the increased storage of carbon within the
leaf during mid-day (Fig. 10). Highest concentrations occurred
early in the morning at all sites.

The greatest concentration of photosynthate exterior to the
treatment leaf was in the root system (Fig. 10). The plants had,
at this time, developing storage roots that represent the major
site for carbon deposition within the plant. By the end of the
growing season, the storage roots comprise =65% of the total
plant dry matter with the fibrous roots representing only 0.8%
(26). Differences in photosynthate at the three pairs of detectors

J. Amer. Soc. Hort. Sci. 112(3):545-554. 1987.

/0’ #7/PU-ou-Aq/sasua9l|/610 suowodaAeal0//:sdny (/0" #/puU-ou-Ag/sesual|/Bio’suowwooaAlealo//:sdiy) asuaol|
AN-DON-AL DD 8y} Japun pajnguisip ajone ssaooe uado ue si siy| "Sse00y uadQ BIA |0-60-5Z0Z 1e /woo Alojoejgnd poid-swinid yiewssyem-jpd-swiid//:sdiy wol) pspeojumoq



AM
30 l
IMD
204
PM

(&)
2

n
&)

o
)
o8]
—e
=)
n

D3

D4 D5 H-HD7 Dg

50

AVERAGE '°C EQUIVALENTS AT EACH DETECTOR
[NM cm™ (stem) cmi? (leaf treated)]

T

30

DETECTOR POSITION FROM
THE BASE (OF ;I'HE PLANT
cm

D;
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during the day [AM, mid-day (MD), and PM].

along the main stem (D5_5) may represent small differences in
phloem unloading along the transport site. Occasionally detec-
tors that include a small developing axillary bud within their
window displayed higher accumulations.
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Effect of Surfactants on Foliar Penetration of
NAA and NAA-induced Ethylene Evolution in
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Abstract.

Vigna unguiculata, Pace. Tween 20, Regulaid, absorption

Effects of the surfactants Pace, Regulaid and Tween 20 were determined on foliar penetration of NAA

and on NAA-induced ethylene production by cowpea [Vigna unguiculata (L.) Walp. subsp. unguiculata cv. Dixielee].
All three surfactants decreased surface tension of NAA solutions, causing a marked increase in wetting and in droplet
: leaf interface area. The greatest increase in NAA penetration was obtained with Regulaid followed by Pace and
Tween 20. The surfactant effect was most pronounced during the droplet drying phase, but penetration continued to
take place from the deposit after drying. The mode of action of surfactants in enhancing NAA penetration is complex.
Regulaid-enhanced penetration closely paralleled the increase in interface area, but similar relationships were not
found for Pace or Tween 20, particularly at concentrations above the critical micelle concentration. Surfactant-
enhanced NAA penetration caused an increase in NAA-induced ethylene production. There was a strong correlation
(r = 0.82) between NAA penetration and ethylene production for doses of 0.5 to 2.5 pg/disk. Above 2.5 pg/disk,
ethylene production increased at a decreasing rate. The potential for using auxin-induced ethylene production as an
index for quantifying auxin penetration is discussed. Chemical names used: 1-naphthaleneacetic acid (NAA), po-
lyoxyethylene polypropoxypropanol dihydroxypropane (Regulaid), polyoxyethylene (20) sorbitan monolaurate (Tween

20), surfactant blend in paraffin base petroleum oil (Pace).

Cuticular penetration is a prerequisite for the physiological
action of foliar-applied systemic compounds (3, 17, 19). Thus,
chemicals often are formulated specifically with surfactants to
improve the physical : chemical characteristics of the spray so-
lution to enhance wetting (8, 10, 13) and penetration.

The effects of surfactants on penetration have not been well-
defined (18, 20). Surfactants that enhance penetration generally
increase wetting as concentration is increased up to the critical
micelle concentration (CMC). With a further increase in con-
centration, there is little or no additional enhancement of wetting
or penetration. However, with some surfactants, penetration may
be increased at concentrations above the CMC (18, 20, 22).
This increase would suggest surfactant effects beyond that com-
monly attributed to improved wetting (2, 8, 17).

The effects of surfactant concentrations above the CMC on
growth regulator performance and on plant processes largely
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have been ignored. Surfactant concentrations in the range of
0.1% to 1.0% are of particular concern in low-volume spray
application where, while maintaining a constant pesticide dose,
the concentration of constituents in solution is increased in pro-
portion to the decrease in carrier volume (4). Therefore, when
applying formulated agrochemicals. all constituents of the for-
mulation are concentrated, including the surfactant, which may
approach 1.0% (15).

NAA induces ethylene production in plants (1, 7, 11, 12),
and this response may be useful as a means of quantifying NAA
penetration (7). Data are not available on the direct relationship
between NAA penetration and ethylene production. Further, the
effects of surfactants on NAA-induced ethylene production have
not been reported. Thus, the objectives of this study were to
determine the effects of selected surfactants over a wide range
of concentrations on foliar penetration of NAA and to relate
these findings to NAA-induced ethylene evolution.

Materials and Methods

Plant material and culture. Cowpea seeds were pregermi-
nated in the dark at 30°C on moist paper towels. Healthy seeds
of uniform size and radicle length were selected, seed coats
removed to facilitate epicotyl emergence, and planted into dis-
posable AC-4-8 **Cell Paks™" (Geo. J. Ball, W. Chicago, Ill.)
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