Plant Physiol. (1977) 60, 923-927

Cytochemical Localization of K*-stimulated Adenosine
Triphosphatase Activity in Xylem Parenchyma Cells of Barley

Roots!
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ABSTRACT

ATPase activity in xylem parenchyma cells of barley (Hordeum
vulgare L.) roots was demonstrated cytochemically with a lead precipi-
tation reaction. The methodical parameters of this cytochemical test
were optimized for distinction between ATPase-specific and nonspecific
precipitates. Optimum conditions were prefixation in 1% glutaraldehyde
for 1 hour and incubation for 2 hours in a medium containing 2 mm
each of ATP, Ca?*, and Pb** at pH 7 and 25 C. Problems of
cytochemical localizations are discussed.

ATPase activity occurred mainly at the plasmalemma, the endo-
plasmic reticulum nuclear envelope, and outer mitochondrial mem-
branes of xylem parenchyma cells. The tonoplast of these cells showed
only little ATPase activity. High K* concentrations stimulated ATPase
activity, particularly at the plasmalemma. Diethylstilbestrol prevented
the formation of ATPase-specific precipitates. The cytochemical
demonstration of a K*-stimulated ATPase at the plasmalemma of xylem
parenchyma cells is discussed in relation to the possible role of this
membrane in ion transport to the vessels.

In recent years increasing attention has been paid to the role
of ATPases in ion transport through plant cell membranes (10).
Positive correlation was observed between ATPase activity and
the rate of ion absorption. The ATPase was associated with
plasma membranes and stimulated by K* and Rb*. Further-
more. there were similarities between the kinetics of K* activa-
tion of the enzyme and K* absorption by roots. Therefore. it
was suggested that ATPases mediate energy transduction to the
ion transport systems of plant roots (for general review see ref.
11). These enzymes were activated by Mg?* (3. 16) and/or
Ca?" (8. 17). and inhibited by phenolics (2).

There are some reports on the cytochemical demonstration of
ATPase activity at the plasmalemma and other membrane
systems of tips and young cortical cells of roots. using the lead
precipitation technique (5; see 8). Only a few attempts have
been made to demonstrate ATPase activity in tissues more
complex than root tips and cortical cells (19. 24). Particularly.
cytochemical information is needed on ATPase activity in xylem
parenchyma cells of roots. because these cells are considered to
regulate ion transport into the xylem vessels (12-14. 18. 20). A
preliminary report was presented elsewhere (14).
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MATERIALS AND METHODS

Plant Material. Seeds of barley (Hordeum vulgare L.. cv.
“Kocherperle™) were germinated on 0.2 mm Ca(NO;), for 2
days in the dark and seedlings grown for 3 days in the light (16-
hr photoperiod. 10 klux. 20-25 C day and 15 to 18 C night
temperature) on a modified Hoagland solution (cf. 7). pH 5.3,
containing 0.6 mm KNO;. 0.4 mm Ca(NOj),. 0.2 mmM NH,NO;.
0.1 mm Mg(NQO;),. 10 um FEEDTA. and micronutrients at 1/
10 concentration of that given by Epstein (7. Table 3-1). This
solution contained no Pi and no SO,*>~. which is advantageous
in cytochemical demonstration of ATPase because the possibility
of unspecific lead precipitates (as phosphate and sulfate) is
decreased.

Cytochemistry of ATPase. Root segments. about 1 mm long
from the region 1.5 to 2 cm behind the tip. were prefixed in
1% glutaraldehyde (Anderson-grade purified. see ref. 1) in 50
mM cacodylate buffer (pH 7) at 0 C for 1 hr. and washed for 4
hr in 48 mM tris-maleate buffer (pH 7) at 0 C. The segments
were then incubated for localization of ATPase activity using a
modified lead phosphate precipitation method originally devised
by Wachstein and Meisel (25). The incubations were made for
2 hr at 25 C in a medium containing 2 mmM Ca(NO;)., 2 mM
ATP, 2 mM Pb(NO;), in 48 mm tris-maleate buffer (pH 7)
(containing 12 mm K*). The addition of ATP immediately after
Ca(NO;), favors the formation of a Ca-ATP complex in the
medium; thus, the danger that soluble calcium phosphate may
form in the tissue is minimized. Calcium was included because
it activates ATPase in barley roots more than Mg** (17; cf. 20).

Separate samples were incubated under the following condi-
tions: without ATP, without Pb(NO;),, at pH 5.0, with 2 mMm
Mg(NO;), instead of Ca(NQOj3),, at 0 C, with additional 50 mm
KNO; and with addition of 0.2 mm diethylstilbestrol used as an
ATPase inhibitor by Balke and Hodges (2), respectively. Thus,
eight assays were made using the standard incubation medium
and seven modifications. All samples were washed in 48 mMm
tris-maleate buffer (pH 7) at 20 C for 1 hr. The segments were
postfixed in 1% OsO, in 25 mM cacodylate buffer (pH 7.2) at
20 C for 2 hr, dehydrated in a graded ethanol series, followed
by propylene oxide, and embedded in Spurr’s medium (22).
Ultrathin sections were examined without poststaining in a
Zeiss EM 9 electron microscope.

RESULTS

Optimum Fixation. In order to combine sufficient preserva-
tion of cell structure with maximum enzyme activity, samples
were exposed to a range of fixation times and concentrations of
glutaraldehyde (0.5 hr, 1 hr, 2 hr; 0.1%, 1%, 2%). Best
results were obtained with 1% Anderson-grade glutaraldehyde
for 1 hr.
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Specificity of Precipitates. To test the specificity of the
ATPase reaction, control incubations were carried out with the
following results. (a) Incubation in a medium without ATP and
incubation at 0 C with ATP (see Fig. 4) showed only nonspecific
precipitates. These can be distinguished electron microscopically
from the specific ATPase reaction product by their shape and
occurrence. There was no difference in ultrastructure and pre-
cipitates between these two assays. (b) The lack of specific
precipitates after incubation at pH 5 excluded the possibility
that the precipitates obtained at pH 7 were due to acid phospha-
tase activity (c) Precipitates were completely absent after incu-
bations without lead, suggesting that the electron density of
both specific and nonspecific precipitates is caused by lead. (d)
Investigations of the chemical components of specific and non-
specific precipitates, and attempts to distinguish them chemi-
cally, were made by means of x-ray microanalysis using a
Hitachi transmission electron microscope in combination with a
Kevex energy dispersive x-ray detector.® Precipitates were visi-
ble electron microscopically, but they were so small that the
amounts of elements present were not sufficient for an accurate
analysis.

Site of Specific Precipitates. Specific ATPase precipitates in
xylem parenchyma cells of barley roots are mainly found at the
plasmalemma (Fig. 1), particularly in the region of the half-
bordered pits and along the cisternae of the ER (Figs. 2 and 3),
but are also associated with other membrane systems, i.e. outer
mitochondrial membrane and nuclear envelope (Fig. 1). The
tonoplast showed only little ATPase activity (Figs. 2 and 5).

Effect of Ca’~ and K~ on ATPase Activity. Ca*~ and Mg**
were tested for potential activating function. A slight difference
in intensity indicated that in the case of barley roots Ca®*
activates ATPase preferentially (cf. 17). After incubation with
additional 50 mM KNO,; precipitates associated with the plas-
malemma of xylem parenchyma cells were estimated from the
size of the spots to have increased in intensity more than 3-fold
(Fig. §5). At the ER, mitochondrial membranes, and nuclear
envelope, no significant and reproducible increase in staining
was observed at the high K* level.

Effect of Diethylstilbestrol. Incubation in the presence of 0.2
mm diethylstilbestrol prevented completely the formation of
specific precipitates (Fig. 6).

DISCUSSION

Reliable localization of ATPases by cytochemical techniques
is usually obscured by a number of methodical problems.

A. Enzyme Inactivation by Fixation. There is a need to test
each material for its optimum fixation time and concentration
(5, 8; ¢f. 21). Furthermore, different fixatives cause different
degrees of ATPase inhibition associated with various cellular
membrane systems (5). For our purposes glutaraldehyde was
chosen as fixative because it is known to inhibit the activity of
the inner mitochondrial membrane (5) (cf. Figs. 1-3; 5), but to
preserve enzyme activity at other membrane systems to a
sufficient extent (5, 19, 21).

B. Insufficient Penetration of Incubation Medium into Plant
Tissue. Even in small root segments of only 1 mm in length, as
used in this study, there is a zone of poor penetration in the
middle of the segment. Reasonable enzyme reactions were
observed in ultrathin sections from a region between 40 and 80
pm under the cross-sectional surface of the embedded segment.

C. Enzyme Inactivation by Pb?>*. High concentrations of
Pb?* inhibit enzyme activity in cytochemical phosphatase locali-
zations (21). In our experiments incubations with a Pb?* to
ATP ratio of 1:1 showed a much greater extent of specific
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precipitates than incubations with a ratio of 2:1. A ratio of 2:1
or even higher has been used in previous cytochemical ATPase
localizations in plant tissue (5. 8. 9. 19. 24).

D. Production of Nonspecific Precipitates. Nonenzymically
produced lead phosphate precipitates in cytochemical reactions
can be caused by a spontaneous hydrolysis of ATP (21). This
reaction is catalyzed by Pb** (19. 21). and the Pb®>* to ATP
ratio again plays an important role. The proportion of Pb** to
ATP of 4.5:1 in the original Wachstein-Meisel medium (25) is
considered to produce nonspecific precipitates due to the excess
of Pb?* (21); the presence of the tissue enhances the effect of
lead (21). This problem also occurs in all modifications of the
Wachstein-Meisel medium used previously for plant material
(5. 9. 19. 24). In our experiments. relatively few nonspecific
precipitates were found at a lead to ATP ratio of 1:1. Nonethe-
less. they cannot be completely avoided (see ref. 21). Thus. a
distinction between specific and nonspecific precipitates be-
comes necessary.

E. Distinction between Specific and Nonspecific Precipitates.
In our experiments nonspecific precipitates can be characterized
by their crystalline shape (Fig. 4) and their size (19. 21. 24). In
addition, they were not associated particularly with cellular
membranes (cf. 21. 24). and were neither stimulated by addi-
tional K* nor inhibited by diethylstilbestrol. Furthermore. they
occurred also in incubations without ATP or at 0 C.

F. Migration of Pi and Dislocation Artifacts. The concentra-
tion of Pb* can be kept low in order to prevent the two sources
of artifact due to Pb*>* described under C and D. but then the
amount of Pb?>* may not be sufficient to trap all of the Pi
produced. The excess Pi may migrate from the enzyme sites
and result in dislocation artifacts (21. 24). In the present study
we do not consider nonspecific deposits (D) to be caused by
enzymically produced Pi that has moved away from the location
of the ATPase.

It has been recently considered that the regulating step of ion
release from the stelar tissue into the lumen of the xylem
vessels is located at the plasmalemma of the xylem parenchyma
cells (7. 12. 14. 20). Recent reports on structure and transport-
function of xylem parenchyma cells (13. 14) support this hypoth-
esis. However. there are also other views on the location and
mechanism of ion transport to the vessels (see ref. 18 for
review).

Our cytochemical demonstration of ATPases in xylem paren-
chyma cells provides a further indication for their participation
in ion transport through the root, particularly because no other
stelar cells contained high ATPase activity. apart from phloem
parenchyma cells and sieve tubes. A function of the xylem
parenchyma cells in ion secretion appears supported by the
extremely high intensity of the ATPase precipitates at the
plasmalemma in the region of the half-bordered pits (Fig. 3).
Intracellular ATPase-dependent transport processes are also
indicated by our results, i.e. xylem parenchyma cells show
ATPase activity at the ER (Fig. 2). The ATPase activity at the
membranes of the ER is consistent with the hypothesis that the
ER forms an integral part of the symplasmic pathway in roots
(12, 23).

The involvement of the ER in symplasmic transport was
deduced from experiments on Cl~ transport, hence a study on
the effect of C1- on ATPase activity at the ER would be of
interest. Hodges (11) suggested the presence of an anion-sensi-
tive ATPase at the tonoplast of oat roots. Our cytochemical
study indicated that, under the experimental conditions used,
the tonoplast showed much less ATPase activity than the ER
membranes. High K* concentrations considerably enhance the
extent of precipitates at the plasmalemma of xylem parenchyma
cells (Fig. 5), indicating a K* stimulation of plasmalemma-
bound ATPases. This cytochemically obtained result corrobo-
rates the existence of a K+*-stimulated ATPase in oat roots.
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Figs. 1-3. CW: cell wall; ER: endoplasmic reticulum, M: mitochondrion; N: nucleus; PL: plasmalemma; V: vacuole; XPC: xylem parenchyma
cell.

Fic. 1. XPC of barley root, about, 1.5 to 2 cm from the apex. ATPase localization with a lead precipitation technique. Arrows indicate specific
precipitates. (X 23,000).

Fic. 2. XPC with specific ATPase precipitates at plasmalemma and ER. (X 45,500).

Fig. 3. XPC facing a half-bordered pit of an adjoining vessel. ATPase localization predominatly at the plasmalemma. (X 66,600).

925



926 WINTER-SLUITER, LAUCHLI, AND KRAMER Plant Physiol. Vol. 60, 1977

Figs. 4-6. PD: plasmodesmata; ST: sieve tube; other abbreviations as in Figures 1-3.

Fic. 4. XPC and part of the phloem. Incubation for ATPase activity at 0 C. Arrows indicate nonspecific precipitates. (X 22,000).

Fic. 5. XPC. Incubation for ATPase activity with additional 50 mm K*. Arrows indicate enhanced intensity of specific precipitates at the
plasmalemma. (X 39,000).

Fic. 6. XPC. Incubation for ATPase activity in the presence of 0.2 mm diethylstilbestrol. (X 37,000).

which was determined biochemically and bound to plasma there may be a further K+*-stimulated ATPase associated with
membranes (11). This enzyme is thought to play an important an undetermined membrane fraction.

role in cation transport across the plasma membrane. Leigh et Our results on the inhibition of membrane-bound ATPases
al. (15) presented evidence that in addition to the plasmalemma, by diethylstilbestrol are consistent with those described by Balke
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and Hodges (2) using plasma membranes from oat roots. This
effect must be treated with caution, because studies on animal
mitochondria (4) and Neurospora (B. Bowman, personal com-
munication) indicate that diethylstilbestrol may affect the
permeability of plasma and mitochondrial membranes. The
cytochemical demonstration of K*-stimulated ATPase at the
plasmalemma of xylem parenchyma cells provides additional
evidence for an important role of this membrane in ion transport
to the vessels. Davis and Higinbotham (6) recently presented
electrochemical data on transport of K* and Cl- in excised corn
roots and showed that K* is probably transported actively into
the vessels. The data presented here suggest that active K+
transport into the vessels is located at the plasmalemma of the
xylem parenchyma cells.
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