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ABSTRACT

The role of phloem turgor pressure in 14C-assimilate translocation in
Ecballium elaterium A. Rich was studied. The direction of translocation
was manipulated by two methods: darkening, or defoliation, of the
upper or lower halves of the shoots. After 24 hours of labeled assimilate
movement, sieve tube turgor levels were measured with the phloem
needle technique. Distribution of label, determined by autoradiography
and counting, revealed a direct correlation between the direction of
assimilate transport and the pressure difference. Phloem turgor levels
always decreased in the stem of darkened shoots; this resulted in greater
pressure differences in the stem between the source leaf receiving '4CO2
and treated regions.

Opinions have been divided for a long time as to the mecha-
nism of phloem translocation. Most plant physiologists agree
that there is a mass flow of sieve tube sap, solutes, and water
moving as a stream through mature sieve tubes. This flow is
thought to be "powered" by turgor gradients which are osmoti-
cally produced (2, 17). The pressure flow mechanism is sup-
ported by abundant evidence obtained from studies of sieve tube
exudation (2, 20, 21, 26, 28, 29); movement of viruses (5, 6),
dyes (1, 3, 7, 8, 21), '4C-assimilates, and plant regulators (4, 16,
27). Although the importance of pressure gradients is minimized
by some workers (9, 25), the general view is that a pressure
difference between source and sink is essential for phloem con-
duction.

Little has been done in the way of direct measurement of
turgor gradients in sieve tubes. Hammel (13) provided direct
evidence of relatively high phloem pressure in the source region
of Quercus rubrum by using the "phloem needle," but there is an
obvious need for more quantitative data, using plants grown
under controlled conditions.
The objective of the present study was to measure the phloem

turgor pressure in different parts of the plant and to determine
the relation of pressure differences to "4C-assimilate movement
in this tissue.

MATERIALS AND METHODS

Plant Material. Squirting cucumber (Ecballium elaterium A.
Rich) seedlings were grown under greenhouse conditions until
they were 35 to 40 cm tall. They were then transferred to a
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growth chamber providing a 16-hr light period (2,400 ft-c) and
temperature of 28 C. Twenty four hr before application of
'4CO2, depending on the particular experiment, the upper or
lower half of the shoot was defoliated, or darkened with three
layers of paper bags or aluminum foil to prevent photosynthesis.
Air was circulated within the bags or foil coverings to prevent
CO2 accumulation. The bags and covers were removed 24 hr
after 14C application, just before the phloem pressure measure-
ments.
Phloem Needle Technique. The phloem needle assembly was

identical to that devised and used by Hammel (13). It consisted
of a modified 26-gauge hypodermic needle with two holes on
opposite sides of the tip. A brass fitting with a hole in the middle
served as a handle. This was slipped over the needle and sol-
dered, leaving about 1 cm of the needle tip free. The base of the
needle was connected to a glass capillary by means of a short
length of polyethylene tubing. The needle, connector, and half
of the capillary were filled with air-free distilled H20 containing
0.01% (w/v) methylene blue. An air column of 15 to 20 cm
remained and the end of the capillary was sealed in a flame.
Each phloem needle was calibrated with an adjustable source of
pressure.
Phloem pressure measurements were made by slowly pushing

the needle into the stem to a depth of about 2 to 3 mm. On
penetration of a phloem bundle by the needle tip, the air column
in the capillary was instantaneously compressed by a surge of the
dye solution. The pressure value was obtained by reading the
length of the compressed air column and referring to the calibra-
tion curve. Further technical details can be found in Hammel's
paper (13). Not all measurements were successful, but in the
majority of attempts, positive readings were obtained. Occasion-
ally a test failed because the inner or outer phloem of the bundle
was missed, or because the needle tip was blocked. Usually the
needle entered the external phloem. A rapid compression of the
air column was considered to indicate a good reading, and only
these readings were included in the data.
Tracer Experiments and Turgor Measurements. Radioactive

CO2 was prepared from "4C-sodium bicarbonate solution and
applied to a mature leaf attached to a median node. Approxi-
mately half of the leaf (apical portion) was enclosed tightly in a
chamber having light weight plastic windows 6.2 x 7.5 cm in
size, and a sponge rubber frame. A 10-ml aliquot of air contain-
ing 40 ,tCi was drawn from a generator bottle with a syringe and
injected into the chamber through the rubber sealing edge.
Treated leaves were allowed 10 min for '4CO2 fixation in sun-
light (outdoors); the amount of 14C fixed was in the order of 1
,uCi. The chambers were then removed and the plants were
transferred to the growth chamber.

After 24 hr of translocation, sieve tube turgor was measured
with the phloem needle at three stem locations: P, at the top of
the shoot, about 1.5 to 2 cm from the apex; P2 at the node of the
treated leaf; and P3 at the lower part of the shoot, about 2 cm
from the soil line. There were two measurements in each loca-
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tion and the sequence of needle penetration at the three loca-
tions was random.
The turgor difference between the median portion of the stem

("source region") and the upper and lower stem regions was
obtained by calculating the values of P2 - P1 and P2 - P3. In
order to show the difference in pressure gradients between the
upper and lower stem regions, the value of (P2 - PI) - (P2 - P3)
was calculated. Mean + SE was calculated for each experiment.

Translocation was terminated by quickly dividing each plant
into seven portions for radioactivity counting: two parts above
the treated leaf (leaves, stem), treated leaf, and four parts below
(leaves, stem, fleshy root, fibrous roots). These portions were
dried at 80 C for 48 hr, and after total dry weight determination,
they were ground in a Wiley mill. Thirty-mg samples were
counted twice, 10 min each, in a Nuclear-Chicago model 1042
counter. Net counts less than 5% of background were consid-
ered zero. The percentages of radioactivity in the two parts
above the treated leaf and also in the four parts below the
treated leaf were added to obtain the total amount of 14C translo-
cated.
The amounts of 14C-assimilate translocation, expressed as a

percentage of the sum of cpm in all of the regions, were evalu-
ated by the one-way analysis of variance method (10). The
difference between the percentage of radioactive distribution in
two regions, above and below the treated leaf, was calculated.
The means of the differences in the percentage of radioactivity
were calculated for each treated and control plant, with six
replications of the treated and two or four replications of the
controls.

In addition to counting, several cross-sections of stem 1 to 2
mm thick, small portions of leaves 2 to 3 cm2 in area, and a
sample of the root, including cross-sections of the large fleshy
root and some of the fibrous roots, were randomly cut from the
seven portions of each plant. These samples were taken from
different heights and were mounted in order on white paper for
autoradiography. Each sheet was put between two blotters and
dried at 38 C for 48 hr. They were then exposed to x-ray film for
30 days.
The relation between changes in phloem pressure and "4C02-

assimilate translocation was studied in four experiments;
darkening of the upper or lower part of the shoot was employed
in the first and second; a combination of defoliation and darken-
ing served in the third and fourth.

RESULTS

Upper or Lower Parts of the Treated Plant in the Dark. Some
actual turgor values obtained in two of the experiments are
presented in Table I to indicate general magnitude and variation.
Phloem pressure was lowered in the darkened areas. Turgor
differences between the source region (P2) and other stem re-
gions (PI or P3) were greater in the case of the treated plants than
in controls. A mean pressure difference of 3.8 atm was found
between the treated leaf node and the darkened upper shoot,
compared to -0.1 atm in the controls. Darkening the lower
shoot reduced the pressure in that region, accounting for a mean
pressure difference of 5.1 atm (Table II). Differences in pressure
between the upper and lower parts of each plant were greater in
treated plants compared to controls. This indicates that darken-
ing had definite effects in increasing pressure differences be-
tween source and darkened regions. Accumulation of labeled
compounds was higher in the darkened parts than in the con-
trols. The mean percentage of radioactive distribution was
17.93% in the darkened upper shoot, compared to 7.38% in the
controls. Where the lower shoot was darkened, the corre-
sponding values were 21.64% and 11.87% (Table III). Differ-
ences in percentage of radioactivity between the upper and lower

Table I. Represntative phloem turgor values obtained with the phlown needle
in two shoot darkening ezperients. M uasur_wnts were made in three etem
locations: P*, upper shoot; P2, region of l4COrtreated leaf; P3, lawer shoot.

Pressure in atmospheres

Repli- P P2 P3
cation

Controls

1 2.2 2.1 2.3
2.3 2.3 2.7

2 3.7 2.0 1.2
4.3 2.6 1.7

3 0.5 7.9 5.8
0.7 7.9 7.9

4 0.7 1.5 1.3
0.6 2.5 1.5

Upper shoot in dark

1 0.3 4.2 1.0
0.3 4.8 0.6

2 0.5 4.1 0.5
0.3 4.4 6.4

3 0.4 2.5 0.8
0.4 2.6 0.5

4 1.2 6.7 3.4
1.6 5.5 4.3

5 2.6 7.0 3.2
2.4 6.5 3.7

6 1.9 5.5 3.1
1.6 4.9 2.2

Repli- P1 P2 P3
cation 1

Controls

1 2.3 2.2 2.0
2.2 2.2 3.0

2 3.5 3.0 1.5
4.5 1.6 1.4

3 0.6 7.8 6.9
0.6 8.0 6.8

4 0.6 2.3 1.2
0.7 1.7 1.6

Lover shoot in dark

1 3.1 10.4 2.0
2.8 8.2 1.4

2 3.0 10.2 1.3
3.3 9.9 1.0

3 4.2 8.0 0.9
4.4 8.0 0.6

4 0.9 8.5 0.6
1.8 1.9 0.4

5 1.0 3.0 0.4
1.5 2.3 0.4

6 0.7 3.2 0.4
0.9 2.8 0.4

parts of the plants were significantly greater in treated plants
compared to controls. Autoradiographs of several cross-sections
of the stem and samples of leaves and roots showed more
radioactive assimilate movement to the darkened regions.

Combination of Darkening and Defoliation. In order to mini-
mize the source and sink effects of the other leaves in the light
and assure that only the treated leaf functioned as a single source
of photosynthate, all of the leaves below or above the treated
leaf were removed 24 hr before application of 14CO2. When the
upper parts of the treated plants were darkened, the lower parts
of the control and treated plants were defoliated; and when the

glower parts of the treated plants were darkened, the upper parts
of the control and treated plants were defoliated.

Darkening the upper part of the plant induced a stronger sink
than developed in the defoliated lower shoot and roots. A
pressure difference of 5.3 atm between the treated leaf and
darkened upper shoot was recorded, compared to 2.4 atm in the
controls (Table II). When pressure differences P2 - PI and P2 -
P3 are compared, it is seen that mean differences between (P2 -
PI) and (P2 - P3) are greater in the treated plants than in
controls. A higher percentage of radioactive tracer moved to the
darkened region, where pressure was lower, compared to con-
trols. The mean percentage of radioactivity was 22.32% in the
upper part of the shoot in treated plants as compared to 7.38%
in controls (Table III). Results of one-way analysis of variance
showed significant effects of darkening on induction of the sink
and distribution of radioactive assimilates in this region. Figure 1
shows autoradiographs of control and treated plants. More la-
beled material moved into the upper part of the treated plant
compared to the control. Autoradiographs representing results
of other shoot manipulation experiments were prepared in simi-
lar manner and appear elsewhere (19).

In experiments where upper parts of the shoots were defol-
iated, darkening of the lower parts of the treated plants pro-
duced no significant differences in pressure between controls and
treatments (Table II). This is explained by the fact that the
major sinks such as roots and developing axillary shoots were
located in the lower part of the plant. Radioactive assimilate
moved toward the sink regions in the lower part of the plant, and
one-way analysis of variance showed insignificant differences in
percentage of radioactivity in both controls and treatments (Ta-
ble III). Autoradiographs of the samples of various plant parts
showed accumulation of tracer materials in the sink regions,
mostly in the lower parts of both control and treated plants, with
slightly more radioactivity in the treated plant.
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Table II. Means of phloem turgor pressure differences in the upper and lower parts of the plants in
darkening and defoliation experiments

Pressure in atmospheres

Pressure Pressure
differences differences Difference

between treated between treated between
leaf P and leaf P2 and columns

Manipulation upper part P lower part P 1 and 2

Control -0.1 0.3 -0.4 + 0.7
Treated Upper part in dark 3.8 3.0 0.8 + 0.3

Control 1.7 0.4 -1.3 + 1.9
Treated Lower part in dark 3.6 5.1 1.5 + 0.4

Control Lower part defoliated 2.4 2.8 -0.4 + 0.6
Treated Lower part defoliated; 5.4 4.1 1.3 + 0.2

upper part in dark

Control Upper part defoliated 2.6 3.6 1.0 + 0.6
Treated Upper part defoliated; 2.9 4.1 1.1 + 0.3

lower part in dark

Table III. Means of radioactive distribution in darkening and defoliation experiments. Data are
expressed as percentages of total radioactive distribution and are evaluated with the one-way

analysis of variance method

Z of total
radioactive distribution

Above the Below the
Manipulation treated leaf treated leaf Diff. F. value

Control 7.38 11.87 -4.49 12.97***
Treated Upper part in dark 17.93 6.44 11.49

Control 7.38 11.87 4.49 6.21*
Treated Lower part in dark 10.27 21.64 11.36

Control Lower part defoliated 7.93 30.57 -22.64 7.70*
Treated Lower part defoliated; 22.32 6.30 16.01

upper part in dark

Control Upper part defoliated 9.59 23.31 13.62 1.38
Treated Upper part defoliated; 3.77 27.71 23.93

lower part in dark

Significant at 0.05

Significant at 0.01

DISCUSSION

Of the three so-called water quantities, water potential (Il),
pressure potential (qPr), and osmotic potential (tP1), 'P, has been
the most difficult to measure. Osmotic gradients in sieve tubes
can be determined by measuring i(I of phloem exudates. The tl'
value determines the maximum turgor that could develop in the
sieve tube when il of the surrounding tissues is zero. Since il is
not usually zero, but something less, the turgor value is un-
known. Measuring il, and tl of leaf, stem, or root, as appropri-
ate, would permit the indirect determination of sieve tube turgor
from the relation , = t - i,. However, the values might be
somewhat less acceptable than those from direct measurements.
It is of interest that 'p, values have been found to be less (more
negative) in source areas than in sinks (30), and this corresponds
generally with measurements of , in Ecballium, values being
higher in sources than in sinks.
The results with Ecballium confirm the usefulness of the

phloem needle method for turgor determination as introduced
by Hammel (13). To date, it is the only method available.
Hammel measured the pressure in the secondary phloem of red
oak trees at heights of 1.5 and 6.3 m. The pressures were higher
in the upper parts of the trees which had more leaves and were
considered the source region, compared to pressures at 1.5 m.
The values ranged from 19.5 atm in the upper level to 7.6 atm in
the lower level of the plant for a variety of weather conditions.
When the phloem needle was pressed into the Ecballium stem,

vascular bundles infrequently were missed, the needle tip lodg-
ing in parenchyma and no measurement could be made. The
parenchymatous cells probably had a substantial turgor pressure,
but the volume of cell sap released from them by needle penetra-
tion was insufficient to cause compression of the air column in
the capillary. In addition, some of the sap may have moved into

intercellular spaces. It seems that this device is rather uniquely
suited to determining turgor values of sieve elements, and is not
useful for other cell types. The success of the needle measure-
ment is clear evidence of axial sap mobility within sieve tubes.
One may also conclude that the sieve plates do not obstruct flow
to any great extent. Success, also, is due to the rigidity and
tightness of the phloem tissue, with intercellular spaces essen-
tially lacking. Release of sap into the spaces would make the
method useless.
The values obtained probably represent average pressures

existing in several ruptured sieve tubes, since the needle diame-
ter, about 0.3 mm, is larger than the diameter of a single sieve
tube. It has to be assumed that the pressure values are slightly
less than those that existed in the intact sieve tubes because of
the loss of exudate into the capillary. It has not been possible to
assess this error. In any event, the error would tend to cancel out
somewhat where pressure differences were calculated. Error in
measurement due to leakage around the needle probably was
insignificant, since length of the compressed air column re-
mained constant over the reading period of up to a minute.
The possibility exists that after making one measurement, a

second needle insertion 15 cm above or below the first would tap
the same bundle. If so, one wonders if the exudate loss from the
first puncture would reduce the turgor in the region of the
second measurement. It seems unlikely that the same track
would be tapped in successive measurements, first of all because
of the presence of 12 to 15 bundles in the stem cross-section, and
secondly, because care was taken to move around the stem to
avoid hitting the same bundle.
One would expect some variation in pressure even at one stem

level, where several readings are taken at points around the
stem. This would be due to the fact that different strands of
phloem may be connected to different leaves, which might func-
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FIG. 1. Translocation of'4C-assimilates in Ecballium plants. "CO2
was applied to a single leaf (TL). Lower parts of the control and treated
plants were defoliated; the upper parts of the treated plant (D) were

darkened. The autoradiograph shows that most of the labeled assimilate

moved to the upper parts of the treated plant (D). Autoradiographs (A
and B) of mounted sections of control (C) and treated (D) plants are

shown, respectively.

tion either as source or sink depending on their developmental
stage. The pattern of leaf development of Ecballium plants used
in the present work was such that the shoot possessed mature

and developing leaves both in the upper and lower parts of the
plant.
Thrower (22) studied changes in the 14C-assimilate export by

developing leaves of soybean. No export of the label occurred
when the leaf area was less than 30% of adult size; thereafter
export increased, an overlap being found between 30 and 50%
of the adult size, when the leaf is simultaneously importing and
exporting. Turgeon and Webb (23) showed that the capacity of a

growing leaf blade of Cucurbita pepo to import '4C-labeled
photoassimilate is lost first in the tip, progressing toward the

base. At a particular developmental stage, then, export proceeds

from the more mature leaf tip while import continues into the

relatively immature leaf base. Import into the tip stops when the

blade is 10% expanded and the laminar base stops importing

when the blade is 45% expanded. The authors showed that

export capacity also develops basipetally and immediately fol-

lows the loss of import capacity.
In the present studies, it was clearly shown that darkening and

defoliation of different parts of the plant intensified sinks for
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assimilate translocation. Corresponding to the lower turgor lev-
els induced, and the higher pressures in sources than in sinks, is
the demonstrated increase of translocation rate. Others have
reported results that demonstrate the importance of sinks for
transport. Habeshaw (12) showed that the size and activity of
sinks for products of photosynthesis have a large control over
carbohydrate levels in the source leaves of the sugar beet plant,
and hence an effect on the rate of translocation. Quinlan and
Weaver (18) reported that application of 4.4 mM benzyladenine,
a cytokinin, to the leaves of Vitis, caused a marked increase in
'4C import by the leaf due to stimulation of sink activity.

Darkening of the upper or lower shoot regions of the Ecbal-
lium plant 24 hr before '4CO2 application probably would result
in utilization of any stored carbohydrate, and would make them
dependent on source leaves receiving light. Darkening by pre-

venting photosynthesis would change the function of leaves 30 to
50% mature from simultaneous exporting and importing to only
importing. This could be interpreted as relatively increasing sink
activity. Geiger and Batey (11) have demonstrated that polysac-
charide reserves in darkened leaves of Beta begin to contribute
to the translocation stream after 2 to 3 hr of darkness.
There is scant evidence in the literature that mature leaves can

change from exporting to importing as a result of darkening. In
studies of 14C translocation in detached leaf segments of Zea
mays, Heyser et al. (15) found that darkening of a region caused
it to behave as a strong sink. The normal basipetal movement of
assimilate could be reversed by darkening the apical end of the
segment. Similarly, Hartt and Kortschak (14), using detached
leaves of sugarcane, found that the direction of assimilate trans-
port could be reversed by darkening.

Darkening or defoliation of the upper or lower parts of the
Ecballium plant probably would raise the water potential of the
xylem and secondarily of the phloem. This effect is considered to
be negligible compared to the inhibitory effect of darkening on
photosynthesis and the resulting decrease in phloem turgor pres-
sure in the darkened areas.
The volume flow hypothesis (9, 25) referred to earlier consid-

ers flow to proceed as a function of the water potential difference
across the sieve tube plasmalemma, not necessarily involving a
pressure gradient. The fact that pressure differences do occur
and can be measured indicates that there is resistance to flow in
the conduits, probably due to both sieve tube lumina and sieve
plates. Calculations based on flow in tubes equivalent in size to
sieve tubes suggest that pressure differences are not negligible
(24).
The correlations observed between phloem pressures and as-

similate distribution lend support to the pressure flow mecha-
nism of sieve tube translocation.
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