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ABSTRACT

The effect of increased net foliar K* accumulation on translocation of
carbon was studied in sugar beet (Beta vulgaris, L. var. Klein E and US
H20) plants. Net accumulation of recently absorbed K* was studied by
observing arrival of “*K* per unit area of leaf. Labeled K* was added to
give an initial concentration at 2 or 10 millimolar K* in mineral nutrient
solution. Because the newly arrived K* constitutes a small part of the total
leaf K* in plants raised in 10 millimolar K*, export of *K* by phloem was
negligible over the 2- to 3-day period; consequently, accumulation is a
measure of arrival in the xylem. In leaves from plants in 2 millimolar K*,
export by the phloem was estimated to be of the same order as import by
the xylem; K* per area was observed to remain at a steady-state level.
Increasing the supply of K* to 10 millimolar caused arrival in the xylem to
increase 2- to 3-fold; K* per area increased gradually in the mature leaves.
Neither net carbon exchange nor translocation of sugar increased in
response to a faster rate of arrival of K* over a 6- to 8-hour period. In the
absence of short-term effects, it is suggested that K*-promoted increase in
synthetic metabolism may be the basis of the increased carbon assimilation
and translocation in plants supplied with an above-minimal level of K*.

Various studies provide evidence that K™ promotes the trans-
location of products of photosynthesis in plants (1, 2, 5, 9, 10, 12,
13, 16, 17). This promotion will occur if a higher level of K*
nutrition causes one or more of the following to increase: (a) net
carbon exchange, (b) phloem loading, (c) transport into cells in
sinks, and (d) metabolic conversion of sucrose in sink tissues.

A number of studies have shown that net carbon exchange
increases as a result of increased K* fertilization of plants. Low
K™ appears to reduce net carbon exchange through an increase in
both stomatal and mesophyll resistance (15, 18, 19, 22). Two
studies (6, 12) showed increased net carbon exchange and a greater
proportion of fixed carbon exported to the roots in K*-fertilized
sugar beets. Generally, data from these and other studies do not
permit one to distinguish between direct promotion of net carbon
exchange by leaf K* and indirect promotion. For instance, the
latter might result from greater leaf expansion or in response to
increased export.

Amir and Reinhold (1) presented evidence for promotion of
translocation by K* at a point after synthesis of sucrose in meso-
phyll cells. In a study involving application of K* directly to
leaves, Doman and Geiger (5) found a K*-stimulated efflux of
sucrose from source leaves accompanied by increased export to
sink leaves. These studies support the possible involvement of K*
in regulating phloem loading.

Because mechanisms for sink unloading are generally not
known, it is difficult to specify mechanisms by which K* might
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promote import into sinks. Haeder and Mengel (9) found that
increasing K* supplied to the roots caused increased translocation
of carbon to tomato fruits. They observed that increased K*
promoted conversion of soluble metabolites to an insoluble form
in tomato fruits. Mengel and Viro (16) cited this metabolic con-
version in sink tissues as a possible mechanism responsible for the
long-term increase in translocation of assimilates observed in
plants under increased K™ fertilization.

The present study was undertaken to determine if any of the
four mechanisms cited above are likely to be means by which K*
regulates translocation of assimilate. Increasing the K* available
to the roots caused an immediate increase in delivery of K* to the
leaves but did not produce a concomitant increase in net CO;
exchange or export of carbon. The data lead us to conclude that
increased K*-supply does not promote net carbon exchange or
translocation over the short term. Instead, we favor the hypothesis
that increased accumulation of K* in sinks and older source leaves
promotes synthetic metabolism, which in some manner leads to
an eventual increase in net carbon exchange and in export of
products of photosynthesis.

MATERIALS AND METHODS

Plant Material. Sugar beet (Beta vulgaris, L., var. Klein E and
US H20) plants were raised in washed sand and vermiculite
watered with mineral nutrient solution (5). The concentration of
K* was adjusted to 2 or 10 mM by varying the KCI content. All
plants were maintained on a regime of 14-h days at 24°C and 10-
h nights at 17°C. Light was provided by fluorescent lamps sup-
plemented with incandescent lamps; photon flux density at leaf
level was 350 uE m~2 5! PAR.

One to 2 d prior to a labeling experiment a plant was carefully
removed from the container with sand and vermiculite in place.
Rooting medium was removed in a large container of tap water
by aerating the solution. There was no evidence of extensive root
damage nor indication of water stress at the time of the experiment.

Determination of Foliar Concentration. Leaf K* concentrations
for plants raised at 2 and 10 mm K* levels were determined by
atomic absorption spectrophotometry of acid-digested tissue sam-
ples. Eight to 12 samples were removed from the lamina of source
leaves with a cork borer of 4.5 mm diameter. Care was taken to
avoid including major veins in the samples. Tissue samples were
dried at 50°C in a forced-air oven until constant weight was
achieved. Dried samples were weighed with a precision of +0.01
mg and digested by heating with a mixture of concentrated HNO,
HCIO,, and H,SO;, in a ratio of 40:4:1.

Uptake of K*. U?take of K* by sugar beet leaves was followed
as accumulation of ?K* in leaves. Leaves were numbered in order
of emergence after the cotyledons. Labeled K* was added to the
mineral nutrient solution of plants in hydroponic culture as **KCl.
Accumulation of labeled K* in source and sink leaves was moni-
tored by a GM tube positioned near the lower surface of the
lamina. In one type of experiment, the plant was maintained in
“?K -labeled mineral nutrient solution with K* at 2 mM throughout
the duration of the experiment, up to about 60 h. In another type
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of experiment, an initial period of labeling in **K *-labeled mineral
nutrient solution with 2 mm K" was followed by a period of
labeling with *’K at the same specific radioactivity but with 10
mM K*. The concentration of K* in the growth solution was
measured to determine the extent of depletion in the course of the
experiments. For 2 mm *K* solutions, concentration of K* fell by
as much as 40% by the end of the 48 h. Because of shorter times
and higher initial concentration, depletion was not a significant
factor with the 10 mm *K* solutions.

At the termination of an experiment, the lamina of each moni-
tored leaf was removed from the plant and digested by heating it
in the acid mixture. Aliquots of solution from each digested leaf
were assayed for radioactivity by liquid scintillation counting and
for K* content by atomic absorption spectrophotometry. All GM
and liquid scintillation data were corrected for decay of the
isotope. Detection efficiency of GM tubes was determined by
comparison of the final GM counts recorded just prior to removal
of the blade with the radioactivity per unit area of the leaf as
measured by liquid scintillation counting of the digested leaf.

If the leaf grows, a portion of the original lamina area will move
out of the direct counting field. Whether the leaf grows or not, the
count rate recorded represents the net “*K* accumulated per unit
area of leaf lamina. Calculations and discussion are based on K*
per unit area rather than K* per lamina.

Measurement of Translocation of Photosynthate. Possible
changes in export when K* supply to the roots was increased,
were studied by steady-state labeling with *CO. (7). Experimental
plants were initially in mineral nutrient solution at 2 mm K*.
Arrival of photosynthate in a sink leaf on the same orthostichy as
the labeled source leaf was measured as accumulation of '*C
counts by a GM tube positioned against the sink leaf. After 5 h of
'“CO.-labeling with the roots at the 2 mM K level, the mineral
nutrient solution was replaced with one at 10 mm K*. Labeling of
the source leaf with “CO, was continued for approximately 6 h
after the increase in K*.

RESULTS

Arrival of K* in Source Leaves. Net accumulation of K* in
leaves of a sugar beet plant, measured as *K* accumulation, is
presented in Figure 1. The plants used in the five experiments of
this type were raised in mineral nutrient solution that contained
10 mM K* and transferred to a 2 mM solution at least 24 h prior
to the experiment. To begin the experiment, the plants were placed
in a solution containing 2 mm K" labeled with “’K*. Because of
the large amount of K” in the leaves, only a small proportion of
the leaf K* is labeled with **K™ initially. For instance, after 66 h
of labeling, the total K™ which had arrived by the xylem for the
leaves described in Figure 1 was onlz' approximateiy 12% of their
K* content. Consequently, little *K* is exported initially and the
observed rate of net accumulation is equivalent to the rate of
arrival of K" in the xylem.

The validity of this interpretation is supported by the observa-
tion that heat girdling of the petiole did not cause an increase in
the net accumulation of “’K* in the blade of that leaf (Fig. 1).
Rates of arrival of K* from the mineral nutrient solution, calcu-
lated from data in Figure 1, are given in Table I. The calculations
are based on the assumption that the arriving K* has the same
specific radioactivity as the “*’K* supplied to the roots. Conse-
quently, the values are minimal estimates of net K* accumulated.

Older leaves showed a pronounced change in the rate of arrival
of *K* following transition between light and dark (Fig. 1).
Arrival in the light was 5 to 10 times that during darkness. The
change in rate with a change in illumination is smaller with
decreasing leaf age and is practically absent in source leaves which
only recently have begun to export. Transpiration from individual
leaves was not measured so it is not possible to say to what extent
these changes in **K*-arrival rate are correlated with changes in
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F1G. 1. Net accumulation of “K per area in four leaves of a sugar beet
plant. The K* concentration in the mineral nutrient solution at time 0
when K was added was 2 mM. Labeling began approximately 3 h after
beginning of illumination. Heat killing of a segment of petiole of leaf 3 is
indicated by the arrow. Individual values of the count rate are shown for
leaf 2. Count rates have been corrected for half-life and data for leaves 3,
7, and 12 have been multiplied by factors which make the final count rates
portray the relative “’K content of the leaves at the end of the experiment.
The time course for each leaf represents the change in “’K per area of leaf
as discussed in the text. To convert slopes to rates of accumulation per
unit area, the slopes for leaves 2, 3, 7, and 12 should be multiplied by
0.0650, 0.0800, 0.123, and 0.633 pg K* dm™* cpm,™' respectively.

Table 1. Rates of Transfer of K* into and out of Sugar Beet Leaves

Rates are for a plant kept in 2 mm K* throughout the labeling period.
The rate of arrival of K* was practically unchanged following killing of a
zone of leaf 3 petiole, on day 2.

Rate of K* Import by Xylem

Leaf Number

A Day Night Day Night Day Entire
rea 1 2 2 3 period
dm? pug K*dm=> h™'
Source leaves
2 0.74 153 19 112 57 173 99
3 0.86 224 13 172 36 178 102
7 0.55 143 31 80 42 78 65
Sink leaf
12 0.12 NA 70 108 133 167 117
transpiration.

Transfer of K* by the Phloem. Export of K* from source leaves
was estimated from measured values for sucrose export and ratios
of K* to sucrose reported for phloem sap. Mengel and Haeder
(17) reported a ratio of 30 to 40 pug sucrose/pug K* in phloem sap
from Ricinus. In an extensive table of K™ concentrations in phloem
sap, Ziegler (23) reports values which are largely between 1,000
and 2,500 pg K* ml™". On the basis of a value of sucrose concen-
tration of 10% w/v, a reasonable estimate (23), the ratio of sucrose
to K* is 46 to 100 pg sucrose/pg K*. Export from source leaves
used in this study averaged 3,000 pg sucrose dm > h™' during the
day and 1,800 pg sucrose dm~> h™' at night. If values of 30 to 100
pg sucrose/ug K™ are used for phloem sap, K* export is estimated
to be between 30 and 100 ug K* dm 2 h™' during the day and 18
to 60 ug K* dm™ h™"' at night. These values are similar to the K*
arrival values reported in Table 1. It appears likely that K* is
being exported at rates comparable to rates of arrival in the xylem.
For plants grown at 2 mm K™, the supply of K™ per unit area of
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F1G. 2. Net accumulation of “’K per area of leaf in three leaves of a
sugar beet plant. Potassium concentration, which was initially 2 mm, was
raised to 10 mM at the time indicated by the arrow. Time 0 is the same as
for Figure 1. Counts for leaves 5 and 7 were multiplied by factors as
described in Figure 1. Conversion factors are 0.0585, 0.128, and 0.858 ug
K* dm™2 cpm™' for leaves 3, 5, and 7, respectively.

Table II. Effect of Increasing K* Concentration in Mineral Nutrient
Solution on Arrival of Potassium in Sugar Beet Source Leaves
Plant was transferred from nutrient solution with 2 mm K* to one with
10 mm K* at the same specific radioactivity. Rate in 2 mm K* = 100%.

Rate of K* Import by

Leaf Number Area Xylem Relative Arrival
after Increase
In2mMmK* In 10 mMmK*
dm?* ug K*dm™>h™ %
Source leaves
3 1.19 77 191 248
4 0.95- 100 274 274
5 0.56 99 290 293
Sink leaf
7 0.07 94 243 259
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Fi1G. 3. Potassium content per unit area for the leaves of four sugar
beet plants, two supplied with 2 mm K* (O, @), the other two with 10 mm
K* (CJ, ). Each symbol represents an individual plant. The largest leaves
in each group are up to 7 weeks older than the smallest. An example of
the correlation of leaf size with leaf age is shown for one plant; numbers
above symbols are leaf number starting with the first leaf to appear after
the cotyledons.
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leaf appears to be at steady-state.

Import of K* following Increased Supply. Increasing K* con-
centration in the mineral solution increases the rate of delivery of
K* to the leaves (Fig. 2; Table II). Rate of K* arrival, measured
as net accumulation of **K*, was followed in three leaves of a
plant which was placed in 2 mM **K*-labeled K* for 48 h and
then transferred to 10 mM of the same specific radioactivity.
Arrival of labeled K* began to increase 5 to 10 min after K*
concentration was raised in the mineral solution. Increasing the
concentration of K* supplied to the roots (while holding specific
radioactivity constant) could cause an increase in specific radio-
activity of potassium delivered to the leaves. This occurrence
would necessitate that the specific radioactivity of the K* available
for export to the leaves would be considerably less than that of
the K* supplied. However, over the 2 d prior to the shift in
concentration, there is not a systematic increase in the rate of “K*
arrival in the leaves. This increase would be expected if the specific
radioactivity of the pools available for export from the roots is
low and is increasing because of turnover. When the supply of K*
to the roots was raised, a transient increase in rate of K* arrival
was observed (Fig. 2). Following the transient, the rate of arrival
declines, and this new rate is considered to represent arrival under
the higher K* nutrition. The 5-fold increase in K* supplied
produced a 2- to 3-fold increase in arrival of *K* in the leaves
used in the five experiments of this type.

The K* content was measured for each leaf of two sets of plants.
One set of two plants was grown in nutrient solution containing
2mM K", and the other set in 10 mM K™ (Fig. 3). As was predicted
from the rates of import and export of K* (Table I), the amount
of K*/unit area was similar for all the leaves from a given plant
in 2 mm K*. The younger leaves from the plants in 10 mm K*
contained similar but slightly higher amounts of K*/unit area of
leaf. In the older, larger leaves of plants in 10 mm K*, K™ content
per unit area increased with size. The oldest leaves for each group
of plants were of similar age but those from the plants with high
K* nutrition had up to 4 times as much K*/unit area as those
with low K* nutrition.

Translocation Rate Following Increased K*. The rate of trans-
location into a developing sink leaf, measured by means of steady-
state labeling with “CO,, did not change following increase of K*
concentration surrounding the roots from 2 to 10 mM (Fig. 4). The
increase in K* concentration in the mineral nutrient solution
failed to cause a change in the rates of import and net carbon
exchange over 4 to 6 h in all four experiments of this type. K*
arrival in source leaves was observed to increase within 5 to 10
min after the change in K* supply in similar plants. Export of
carbon from the source leaves also remained constant following
increase in K* supplied to the roots (Fig. 4).

DISCUSSION

Patterns of Source Leaf Potassium Transfer. Increasing the K*
available to the roots by at least 5-fold was found to produce a 2-
to 3-fold increase in delivery of K* to the leaves by the xylem
(Fig. 2; Table II). There appears to be some rejection of K* at the
root-soil interface or retention of K* by the roots or both. Bowling
(3) found that roots of Ricinus sequestered up to 99% of the
absorbed K*; this did not become available for transport by the
xylem subsequently. The fact that the increase in arrival in the
leaves is relatively less than the increase in K* supplied suggests
that a greater proportion of K™ is rejected or sequestered by the
roots with the higher K* supply.

Several pieces of evidence support the view that in leaves which
are not yet in the phase of very slow growth, K* per unit leaf area
is near steady state (Fig. 3). Arrival in the xylem (Table I) is
similar to estimated rates of export by the phloem. Also, K*/unit
area of leaf blade does not increase in rapidly growing leaves, but
it goes up in leaves that have all but stopped expanding if K* is
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F1G. 4. Net carbon exchange in a source leaf and translocation of *C-labeled products of recent photosynthesis in a sugar beet plant following
increased K* nutrition. At the arrow the original mineral solution containing 2 mM K* was replaced with one at 10 mM. Export is unchanged, indicated
by a steady rate of accumulation of '*C in the source leaf (7) (recorder tracing); import is also unchanged, indicated by steady accumulation of '*C in

a sink leaf (O).

supplied beyond a minimally sufficient level (Fig. 3). The amount
of K" arriving in a leaf during the course of a day is equivalent to
only a small proportion of the leaf K*, precluding sudden changes
in concentration in a leaf. Adjustment of uptake and export by
roots and of export of K* by the phloem together with the large
store of leaf K* cause leaf K* content to remain nearly constant
or to accumulate gradually. Although K* accumulates in older
leaves when it is in abundant supply, it does so slowly. It seems
reasonable to suppose that export of K* to sink regions also
increases when K* per unit area arriving in source leaves goes up.
Consequently, an abundant supply of K™ likely results in increased
K™ nutrition for sink regions as well as source leaves.

Relation of Potassium Nutrition to Export. Four bases for
promotion of translocation by increased supply of K* were pro-
posed in the Introduction. Results from this study and previous
work provide information which is useful in constructing and
testing working hypotheses concerning roles of K* in phloem
translocation.

Promotion of Net Carbon Exchange. Although there are a
number of reports that net carbon exchange goes up when K*
nutrition is increased (15, 17, 18, 19, 22) there is insufficient
evidence to identify the mechanism involved. Increased rate of
arrival of K* in the xylem does not appear to enhance net carbon
exchange in a source leaf within a 6- to 8-h period (Fig. 4).

Increased K* nutrition may promote net carbon exchange over
a longer period. Factors which could give rise to a higher rate of
photosynthesis/unit area of lamina include increased leaf thick-
ness, development of additional photosynthetic apparatus, and an
increase in its efficiency. Additional factors which could produce
a higher rate of net carbon exchange per plant include growth in
area of individual leaves and increased rate of initiation of leaves.
The possibility that K™ may enhance net carbon exchange by one
of those longer-term effects is being studied.

Promotion of Phloem Loading. Several studies have shown that
increased K™ supply to source leaves promotes transfer of products
of photosynthesis to minor vein sieve tubes (1, 5, 11). Increased
arrival of K* in source leaves did not appear to increase translo-
cation of newly assimilated carbon over a 6- to 8-h period (Fig. 4).
It is likely that the increase in concentration of K* in the source
leave free space was too small to bring about the mechanism
reported by Doman and Geiger (5).

Several authors have described possible roles of K* in transport

of sucrose across membranes (4, 8). We believe that the presence
of sucrose-proton-cotransport systems in the plasma membranes
of mesophyll cells and sieve tube-companion cell complexes pro-
vides a basis for maintaining stoichiometric balance between
sucrose loaded into minor veins and the efflux of sucrose in the
vicinity of these veins. The electroosmotic gradient of protons
across the plasma membrane determines a steady-state ratio be-
tween sucrose inside the cell and sucrose in the free space. In such
a system, events which increase the concentration of sucrose in
mesophyll cytoplasm will cause efflux of sucrose from mesophyll
into the free space, which will in turn promote loading, without
need for direct intervention of K*. Similarly, processes which
lower sieve tube sucrose concentration will ultimately increase
sucrose efflux from adjacent mesophyll. Recent studies suggest
that K* is important as an environment which conditions the
functioning of the sucrose transport system (8) and also serves as
a means of charge transfer to stabilize membrane potential (4).
Mengel and Haeder (17) suggest that increasing K* concentration
in the sieve tubes promotes export but additional study is needed.

Promotion of Sink Activity. Although increased K* supply did
not cause the rate of import into a sink to go up on the short term,
it may cause translocation to increase gradually. Besides accu-
mulating in the older source leaves, K* probably is recirculated in
larger amounts to sink regions when K™ nutrition is increased. In
young shoots, added K* may promote cell division, resulting in
larger leaves and a more rapid initiation rate. In the taproot, K*
has been proposed to be important in sugar transport (21); in-
creased K* may promote unloading in the beet. The role of K* as
a cofactor in synthetic metabolism is well established (20). In-
creased sink region K* may speed the conversion of sucrose to
synthetic metabolites and thus promote translocation into those
sinks enriched in K*. Enhancement of synthesis of protein, lipid
and cell wall in growing regions appears to result from a higher
K™ supply (9, 17). Kramer er al. (14) observed a substantial
accumulation of K* around nodes prior to initiation of growth of
axillary buds in decapitated stems.

Currently we are looking for longer term effects of increased
K™ accumulation in source leaves and its redistribution to sinks
on net carbon exchange, partition of assimilated carbon within
source leaves and its allocation among various parts of the sugar
beet plant.
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