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ABSTRACT

Changes in the activity of acid phosphatase (AcPase) in the apoplast of pea root nodule were investigated. The
activity was determined using lead and cerium methods. The results indicated a following sequence of AcPase acti-
vity appearance during the development of the infection thread: 1) low AcPase activity appears in the outer part of
cells of symbiotic bacteria; 2) bacteria show increased AcPase activity, and the enzyme activity appears in the thre-
ad walls; 3) activity exhibits also matrix of the infection thread; 4) bacteria just before their release from the infec-
tion threads show high AcPase activity; 5) AcPase activity ceases after bacteria transformation into bacteroids. The
increase in bacterial AcPase activity may reflect a higher demand for inorganic phosphorus necessary for propaga-
tion of the bacteria within the infection threads and/or involved in bacteria release from the infection threads.
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INTRODUCTION

Symbiotic interaction between plants and rhizobia is al-
most completely restricted to leguminous plants and results
in the formation of a new organ, the root nodule. In the no-
dules, bacteria are hosted extracellularly in the infection
threads and intracellularly where they find ideal environ-
ment to reduce atmospheric nitrogen into ammonia that is
next assimilated by the plant (Mylona et al. 1995). Several
stages are recognized in the nodulation process. An impor-
tant event within the curled root hair is the formation of the
infection thread, which contains bacteria and penetrates the
root hair. Subsequently, the infection thread grows and
branches into the root inner cortex where the nodule pri-
mordium is formed. From enlarged infection-thread tips,
bacteria are released into cytoplasm of the nodule primor-
dium (Basset et al. 1977). Within the host cytoplasm the
bacteria are surrounded by a host membrane; they form the
so-called symbiosome. In the symbiosomes, the bacteria
develop into bacteroids, which are morphologically di-
stinct from free-living bacteria (Vasse et al. 1990), able to
fix atmospheric nitrogen.

In the plant tissues the apoplast is mainly composed of
plant cell walls and intercellular spaces. In the root nodules
there is an additional apoplast zone, which is represented
by infection threads present in the penetration zone, early
symbiosis zone and nitrogen fixation zone (Higashi et al.
1986). The synthesis and composition of the infection thre-
ads are thought to be similar to that of the host cell wall;
inside them bacteria become embedded in plant cell wall-

like matrix (Newcomb and Mclntyre 1981). Specific plant
glycoproteins and other proteins are present in the infec-
tion threads. Some nodulins (nodule-specific plant prote-
ins) are probably directed to the infection thread matrix
(Buchanan et al. 2000).

During growth and extension of infection thread bacteria
propagate within them. Bacteria propagation and the
growth of infection thread are a highly coordinated proces-
ses. Phosphorus partitioning between the plant cell and
bacteria (bacteroids) is of extreme importance for root no-
dule functioning and it may control bacteria propagation
within infection threads. Also, hydrolysis of phosphate
esters catalyzed by phosphatases is a critical process in the
energy metabolism and metabolic regulation of plant cell
(Duff et al. 1994).

AcPases are ubiquitous non-specific enzymes, that share
the ability to hydrolyse various phosphate esters with the
release of phosphate ions (Tu et al. 1990). Phosphatase acti-
vity is well-described for animal and plant tissues as well as
microorganisms (Aoyama et al. 2001). Particularly, plant
acid phosphatases have been detected in roots (Penheiter et
al. 1997), tubers (Gellaty et al. 1994), bulbs (Guo and Pesa-
creta 1997), seeds (Ullah and Gibson 1988), aleurone layers
(Gabard and Jones 1986), leaves (Staswick et al. 1994),
scutellum (Rossi et al. 1981), root nodules (Penheiter et al.
1997) and suspension cells cultures (Lefebvre et al. 1990;
Duff et al. 1989). Acid phosphatases (or acid phosphatase
activity) have been localized in many cellular compart-
ments including cell walls, vacuoles, membranes, Golgi
complex, chloroplasts and cytoplasm (Panara et al. 1990;



34 LOCALIZATION OF ACPASE ACTIVITY IN PEA ROOT NODULES

Duff et al. 1994; Olmos and Hellin 1997). They were also
detected in the symbiosome membrane of soybean root no-
dules (Penheiter et al. 1997). The diversity and ubiquity of
plant AcPases together make a consensus on their precise
physiological role(s) difficult to achieve (Duff et al. 1994).
They are believed to be involved in the release, transport
and recycling of Pi (Bozzo et al. 2002). Several roles have
been ascribed to AcPases in plants, i.e. participation in si-
gnal transduction (Plaxton and Carswell 1996), involvement
in plant’s response to salt stress (Pan 1987), water deficit
(Barret-Lennard et al. 1984), wounding (Jones and Villiers
1972) and the hypersensitive response (HR) (Kenton et al.
1999). However, a comprehensive understanding of the me-
tabolic function of acid phosphatases is lacking, partly due
to large number of phosphatases, as well as their general
lack of substrate specificity (Duff et al. 1991).

In this paper, localization of acid phosphatase activity in
pea (Pisum sativum) root nodules have been examined in
order to characterize the root nodule apoplast. This is the
first cytochemical localization of AcPase activity during the
development of infection threads within the root nodule.

MATERIAL AND METHODS

Plant material

Pea seeds (Pisum sativum cv. SzeSciotygodniowy) were
sterilized with calcium hypochlorite, rinsed in distilled wa-
ter and germinated for three days at room temperature. Se-
edlings with roots ca. 2 cm long were transferred to pots
(five plants per pot) filled with sterile perlite and inocula-
ted with Rhizobium leguminosarum bv. viciae 248 (wild ty-
pe, effective). For 72 hours the bacteria cultured at room
temperature on liquid medium at pH = 7, which contained
in 1 liter: 0.5 g K,HPO,, 0.3 g MgS0,, 0.1 g NaCl, 10 g
saccharose and 0.5 g yeast extract, shaking all the time.
Inoculum comprised 20 ml of the bacterial suspension per
pot. The plants were grown under controlled conditions:
day 16 h, 20-22°C, night 8 h, 14-16°C. The plants were il-
luminated with sodium lamp lighting (600 mE/m2/s PAR)
and watered with nitrogen-free nutrient solution (Fahraeus
1957). Eighteen days after inoculation of pea seedlings
with Rhizobium longitudinal hand sections of pea root no-
dules (ten from each plant) were collected and fixed.

Localization of acid phosphatase activity
— light microscopy (LM)

Acid phosphatase activity was localized using the modi-
fied Gomori technique (Gomori 1950). Hand sections of
nodules were fixed in 4% paraformaldehyde in 0.05 M ca-
codylate buffer, pH 7.2, at 0°C for 2 hrs, washed with 0.05
M cacodylate buffer for 1 h in an ice bath. Material was
preincubated in 0.1 M acetate buffer pH 5.0 with 1 mM Pb
(NO3),, for 1 h at 37°C, and then incubated in the reaction
medium composed of: 0.5 mM B-glycerophosphate, 1 mM
Pb (NO3), in 0.1 M acetate buffer, pH 5.0 for 30 min at
37°C. Control treatments involved: i) incubation in the me-
dium without substrate, ii) incubation in the presence of
substrate and AcPase inhibitors: 10 mM NaF or ZnCl, iii)
AcPase inactivation at 80°C. The first rinse after incuba-
tion was in the preincubation medium (15 min), followed
by three washes with acetate buffer. The lead phosphate
precipitates were made visible under a light microscope by
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their conversion to lead sulphide using 0.01% (NH,),S for
20 minutes.

Localization of acid phosphatase activity
— transmission electron microscopy (TEM)

Acid phosphatase activity was localized using the ce-
rium-based procedure of Record and Griffing (1988). Thin
sections of nodules were fixed in 2.5% (v/v) glutaraldehy-
de in 0.1 M cacodylate buffer, pH 7.2, at 0°C for 2 hrs, and
washed with 0.1 M cacodylate buffer for 1 h in an ice bath.
Material was preincubated in 0,1 M acetate buffer pH 5.0
containing 1 mM CeCl;, for 1 h at 37°C, then incubated at
37°C in a reaction medium (0.5 mM B-glycerophosphate, 1
mM CeCl; in 0.1 M acetate buffer, pH 5.0) for 30 min. Tis-
sue was postfixed with 1% OsO, for 3 hrs, dehydrated in
a graded alcohol series and embedded in glycid ether 100
epoxy resin (SERVA). Ultrathin sections were stained with
uranyl acetate followed by lead citrate (Reynolds 1963) for
1 min and examined under TEM (JEM 1220, JEOL, Japan).

RESULTS

Anatomy of pea root nodule

Pea root nodules are cylindrical and have apical meri-
stem at their distal end. Nodule meristematic cells differen-
tiate into cortical or bacteroid tissue cells. Vascular bun-
dles are embedded in cortical cells. The bacteroid tissue
exhibited zonation such as: (Fig. 1A and B) infection thre-
ad penetration zone, where bacteria are released from the
infection threads to the plant cells (I), young bacteroid tis-
sue zone (II), interzone with large amyloplasts (I/II) and
mature bacteroid tissue zone (III). The mature zone was
pink-colored due to the presence of leghemoglobin and is
the site of symbiotic nitrogen fixation. Old pea nodules
contained also a senescent zone, which was green-colored
resulting from degradation of leghemoglobin (not shown).

Localization of acid phosphatase activity — LM

The activity of AcPase was much higher in infection thre-
ads than in the adjacent plant cell walls (Fig. 1C). Enzyme ac-
tivity was detected in all infection threads, independently of
their location in bacteroid tissue. Using 1 mM Pb (NO;), for
Pi detection, we did not get any nuclear staining (Fig. 1C).

In the present study, Zn?*, F- and high temperature were
used for inhibition of AcPase activity within the nodule.
No precipitation of lead sulfide were visible in infection th-
reads or other areas in controls without the substrate (Fig.
1D) or with sodium fluoride or zinc chloride, which inhibit
AcPase activity (Fig. 1E). The AcPase activity was inhibi-
ted completely by fluoride (Fig. 1E) and high temperature
(data not shown).

Localization of acid phosphatase activity — TEM

Low acid phosphatase activity visualized with black pre-
cipitates was detected in the outer parts of bacteria enclo-
sed in young infection threads developing close to the no-
dule meristem (Fig. 2A). Bacteria of the older infection th-
reads, found in differentiating plant cells of the petentra-
tion zone of infection thread, showed higher AcPase activi-
ty concomitantly with appearance of activity in cell walls
and matrix of the threads. Electron-transparent discontinui-
ties (crevice-like) with very high acid phosphatase activity
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Fig. 1. (A) Anatomy of the pea root nodule, longitudinal section. Visible distinct zonation of the bacteroidal tissue. M — meristem; bacteroid tissue com-
posed of: I — infection thread penetration zone, Il — early symbiosis zone, II/Ill — interzone with large amyloplasts, III — nitrogen fixing zone. pa —
parenchyma; e — nodule endodermis; ¢ — nodule cortex. Bar = 200 um. (B) Apical part of pea root nodule, longitudinal section. Bar = 50 pm. (C) Distribu-
tion of the infection threads in the apical part of the pea root nodule. Black deposits of lead sulfide at the infection threads (arrows) indicate AcPase activi-
ty. Bar = 400 pm. (D) Control. The plant material incubated without substrate (-glycerophosphate). Bar = 200 ym. (E) Control. The pea root nodule incu-
bated with phosphatase inhibitor (10 mM NaF). No deposits of lead sulfide are visible. Bar = 200 pm.

around them were often visible within infection thread ma-
trix (Fig. 2B and C). In the last stage of development of the
infection thread, the bacteria are released from unwalled
thread tips and are endocytotically internalized by the host
cell called “infected cells”. Just before bacteria were relea-

sed, they showed enhanced acid phosphatase activity (Fig.
2D). After bacteria were released from the infection thre-
ads the enzyme activity ceased (Fig. 2D). Controls without
substrate (Fig. 2E and F) did not show any precipitates in
the infection threads or any other structures.
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Fig. 2. Subcellular localization of AcPase activity in pea root nodule. b — bacteria; ba — bacteroids; cw — plant cell wall; it — infection thread; m — mito-
chondrion; mx — infection thread matrix; n — nucleus; p — plastid; rer — endoplasmatic reticulum; w — infection thread wall; v — vacuole. Bar = 1 pm. (A)
Meristematic part of pea root nodule. Black precipitates of cerium phosphate show location of AcPase activity in the outher parts of bacteria enclosed
within infection thread. (B) Infection thread penetration zone. Reaction product at the plant cell wall, in the outer parts of bacteria, in the infection thread
walls, high AcPase activity show discontinuities within thread matrix (arrowheads). (C) AcPase activity within the infection thread matrix and plant cell
walls. (D) Early symbiosis zone. Bacteria just before their release (asterix) from the infection thread show distinct AcPase activity, but bacteroids exibit
only low AcPase activity. Reaction product also appears in the infection thread matrix and at the plant cell wall. (E) Control without substrate. Infection
thread (it) in the meristematic part of the nodule. No cerium precipitates are visible. (F) Control without substrate. Early symbiosis zone. Bacteria are
released from the infection thread to the cytoplasm of infected cell. Lack of AcPase activity within infection thread as well as around bacteroids.

DISCUSSION

Evaluation of methods of AcPase activity localization

The most commonly used cytochemical method for loca-
lization of acid phosphatase activity is Pi capture. The in-
vestigation of the subcellular distribution of acid phospha-
tase activity in pea nodules by the technique of Gomori
(1950) indicates that AcPase activity is localized mainly in
the infection threads (Fig. 1C). However, the lead techni-
que has been criticized by several authors (Kantz et al.

1988; Chauhan et al. 1991), because it may produce non-
specific precipitates and because some enzymes can be
sensitive to lead. Nevertheless, the technique has been wi-
dely used in plant and animal cytochemistry (Hall et al.
1992). Based on the above reports, low lead concentration
[T mM Pb (NOs),] was used in this work, which did not
cause non-specific staining of nucleus or non-specific reac-
tions in the medium without the substrate (Fig. 1D). Re-
cently, cerium-based methods have been extensively used
in the ultrastructural localization of several phosphatases in
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animal (Hulstaer et al. 1983) and plant tissues (Record and
Griffing 1988; Hall et al. 1992; Olmos and Hellin 1997).
Cerium cations react directly with inorganic phosphate
forming insoluble electron-dense precipitates detectable by
TEM (Olmos and Hellin 1997). The cerium concentration
used in this research (1 mM) did not result in non-specifi-
cally located precipitates (Fig. 2E and F).

Acid phosphatase localization in pea nodules

Acid phosphatase activity appeared to be regulated by
the level of inorganic phosphate in the environment howe-
ver the mechanisms, which regulate enzyme distribution
and activity, are unclear (Tu et al. 1990). Developmental
processes that cause AcPase induction include seed germi-
nation (Gibson and Ullah 1988), flowering and senescence
(De Leo and Sacher 1970; Lal and Jaiswal 1988), greening
of etiolated seedlings (Christeller and Tolbert 1978) and
fruit ripening (Kanellis et al. 1989). Environmental factors
that elicit increased expression of AcPases include: salt
stress (Pan 1987), water deficit (Barret-Lennard et al.
1984), phosphorus starvation (Lefebvre et al. 1990), woun-
ding (Jones and Villiers 1972), hypersensitive response
(HR) (Kenton et al. 1999).

Sodium fluoride or zinc chloride inhibited AcPase activi-
ty in apoplast of pea root nodules (Fig. 1E). Complete inhi-
bition of AcPase activity by fluoride (Fig. 1E) and high
temperature (data not shown) were observed. Competitive
inhibition by Pi and uncompetitive inhibition by fluoride
have been observed by other authors (Randall and Tolbert
1971; Duff and others 1989). Molybdate and fluoride (Duff
et al. 1989) are strong APase inhibitors. Potent competitive
inhibition of plant AcPases by arsenate, ascorbate, zinc and
vanadate was reported (Randall and Tolbert 1971; Duff et
al. 1991; Ferreira et al. 1999).

Numerous rhizobia are similar to other Gram-negative
bacteria (Torriani 1990) in that phosphorus stress induces
phosphatases and leads to significantly increased phospho-
rus transport rates (Smart et al. 1984). Phosphorus partitio-
ning between plant cell and bacteria (bacteroids) can be of
extreme importance for root nodule functioning. Bacteria
(bacteroids) probably compete for Pi with (host) plant cells.
In the present study, in the early stage of development of in-
fection thread, we localized the AcPase activity around bac-
teria within the infection threads (Fig. 2A and B), which
suggests that bacteria produce this enzyme. We suppose
that bacteria inside the infection threads can be under pho-
sphorus deficiency stress, because the only way to obtain
phosphorus is to get it from the host plant. Interestingly,
after bacteria leave the threads and transform into bactero-
ids, their AcPase activity gradually ceases (Fig. 2D). These
results suggest that functioning of the bacteroids of pea root
nodule is not dependent on AcPase activity. We speculate
that Pi may be one of the factors controling bacteria propa-
gation within the infection threads. On the other hand, lack
of AcPase activity in pea bacteroids may inhibit phosphorus
recycling and lead to their senescence. The lack of AcPase
activity in bacteroids may reflect no limitation in phospho-
rus delivery to the symbiosomes from plant cells. It is possi-
ble that bacteroids produce AcPase isoforms sensitive to the
fixation and processing of plant material or may to share the
activity of alkaline phosphatase (AlPase).

Biochemical investigations of Penheiter et al. (1997) re-
vealed that AcPase is localized in the symbiosome mem-
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brane of soybean root nodules. The authors suggested that
this enzyme is important for efficient nodule metabolism.
AcPase was also reported in the peribacteroid space of soy-
bean nodules (Bassarab and Werner 1989). Both, peribac-
teroid membrane and peribacteroid space of pea bacteroids
did not exhibit AcPase activity (Fig. 2D). This can result
from a possible sensitivity of some bacterial isomers of
AcPase to glutaraldehyde fixation and processing of the
material. Our results suggest that bacterial AcPase activity
gradually increases and reaches the maximum just before
bacteria release from the infection thread. It is possible that
the Pi requirement is rather low in bacteria located in fully
walled parts of infection threads. Intensive bacteria propa-
gation, accompanied by the enlargement of infection thread
tips, may be responsible for higher Pi request expressed by
higher AcPase activity. On the other hand, the maximum
of AcPase activity in bacteria just before and during their
release from infection threads strongly suggests that the ac-
tivity may be helpful in the process of plant cell infection.
According to our knowledge, there are no reports on the
role of AcPases in modification of properties of plant cell
wall and/or the components of the infection thread. The in-
crease in AcPase activity of bacteria origin during the de-
velopment of the infection thread may also reflect a high
request for inorganic phosphorus, necessary for bacteria
propagation.

We speculate that crevice-like structures can be formed
as a result of tension, which rises during growth of the in-
fection threads. The diffusion of B-glycerophosphate is
probably much faster in these places, which can result in
higher AcPase activity around them.

Further histochemical and biochemical investigations of
AcPase activity in pea nodules and originated from diffe-
rent plant species are needed to solve the role of AcPase
activity in development of infection threads and bacteroid
functioning.
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