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We compared the plasma membrane, tonoplast and mitochondrial Mg-ATPase activities of microsomes isolated

from mycorrhizal and non-mycorrhizal sunflower (Helianthus annuus L.) and onion (Allium cepa L.) roots during

a time-course experiment (21–60 d). No significant difference was observed between the protein levels of root

microsomes from mycorrhizal and non-mycorrhizal sunflower. However, the protein content of microsomes

obtained from mycorrhizal onion roots increased when the symbiosis was well established (more than 50% of root

length colonized by the arbuscular mycorrhizal fungus). Kinetic studies revealed that vanadate-sensitive (plasma

membrane-associated) ATPase activity of sunflower root microsomes increased with mycorrhizal colonization.

However, the vanadate-sensitive ATPase activity of microsomes from mycorrhizal onion roots decreased

compared with those from non-mycorrhizal controls. Increased activity of nitrate (tonoplast-associated) and azide

(mitochondrial membrane-related)-sensitive ATPase activities was detected in extracts obtained from 45- and 60-

d-old mycorrhizal onion plants. A slight increase in azide-sensitive ATPase activity was detected in microsomes

of mycorrhizal sunflower. The existence of different physiological and biochemical strategies in sunflower and

onion in relation to the establishment of this mutualistic symbiosis is discussed.
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The biotrophic and bidirectional exchange of

nutrients between symbionts is considered to be the

principal process on which the arbuscular mycor-

rhizal (AM) association is based (Smith & Smith,

1990). This transfer is assumed to occur at host–

fungus interfaces, where the membranes of both

symbionts are intimately associated. Therefore,

these membranes are considered to play a crucial role

in regulating nutritional exchanges (Smith & Smith,

1990), as well as other molecular and physiological

events which occur between both symbionts (see

Bonfante, 1994).
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Few studies have investigated AM associations at

the membrane level. Cytochemical and inmuno-

cytochemical analyses have provided evidence as to

the complexity of this zone and its similarities and

differences with those occurring in other mutualistic

as well as pathogenic associations (Marx et al., 1982;

Gianinazzi-Pearson et al., 1991, 1995; Perotto,

Brewin & Bonfante 1994). Some hypotheses have

been proposed for the basic mechanisms involved in

the bidirectional exchange of nutrients (Smith &

Smith, 1990).

Membrane H+-ATPases are considered the major

enzymes controlling ionic and molecular transport

processes at the cellular level in plants and fungi

(Reinhold & Kaplan, 1984; Sze, 1985; Serrano &

Villalba, 1993). These membrane-bound enzymes

regulate several plant physiological processes

(Serrano, 1985) by means of the proton-motive force

(Slayman, 1985) created by transmembrane proton

(H+) fluxes. Of the different H+-ATPase types

involved in plant and fungal metabolism, vanadate-

sensitive ATPase, associated with the plasma mem-

brane, is thought to be directly responsible for
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nutrient exchange between symbionts in the AM

association (Smith & Smith, 1990). Ultrastructural

and cytochemical studies (Marx et al., 1982;

Gianinazzi-Pearson et al., 1991) revealed changes in

the distribution of this enzyme in the peripheral,

periarbuscular and arbuscular membranes of func-

tional AM interfaces. In non-colonized root cortical

cells, ATPases are distributed evenly in the per-

ipheral membrane. However, in arbuscule-colonized

cells they concentrate in the periarbuscular mem-

brane, that is, the host plasmalemma surrounding

the arbuscule. Recently, the absence of H+-ATPase

activity in the host periarbuscular membrane sur-

rounding non-functional arbuscules has been re-

ported (Gianinazzi-Pearson et al., 1995). The ac-

tivity of membrane-bound ATPases have also been

shown to induce changes in cellular membrane

polarity (see Serrano, 1985; Michelet & Boutry,

1995). Interestingly, Fieschi et al. (1991) reported a

stable hyperpolarization of leek AM membranes.

The above mentioned studies provide some useful

information on changes occurring at the plasma

membrane level following the establishment of the

AM symbiosis. However, further studies are re-

quired to determine the extent and characteristics of

these modifications. The aim of this study was to

investigate the H+-ATPase activities of root micro-

somes at different phases of AM development, with

special attention to the plasmalemma H+-ATPase.

Two plant species showing different degree of

mycotrophy were used: onion, a highly mycotrophic

plant (Azco! n-Aguilar et al., 1993), and sunflower, a

facultative mycotroph (Bago, 1994; B. Bago & C.

Azco! n-Aguilar, unpublished).

  

Plant material and experimental conditions

Sunflower (Helianthus annuus L. cv. Hibrido Enano

Simple) and onion (Allium cepa L. cv. Babosa) seeds

were surface-sterilized (commercial bleach:tap

water, 1:1(v}v)) and sown into black plastic bags

(2 l) containing a steam-sterilized substrate com-

prising one part of calcareous, clay-loam (pH 7±8;

NaHCO
$
-extractable P (Olsen), 11 mg kg−" ; total N

(Kjeldahl), 1180 mg kg−" ; exchangeable K,

5±27 mequiv kg−" ; exchangeable Ca, 345 mequiv

kg−" ; Mg, 86 mequiv kg−") collected from the

Granada province (Spain), and nine parts quartz

sand. Half of the bags (mycorrhizal treatment, M)

received inoculum (5% w:w) of an arbuscular

mycorrhizal fungus (AMF) (Glomus sp.). The in-

oculum consisted of thoroughly mixed rhizosphere

soil containing spores, hyphae and AM root

fragments. In an attempt to equilibrate microbial

populations all the bags were supplemented with an

inoculum leachate. Plants were grown for a maxi-

mum of 60 d under glasshouse conditions (25}18 °C

day}night, 16}8 h light}dark photoperiod). Once a

week 30 ml of a modified Long Ashton nutrient

solution (Hewitt, 1952) were added to each bag. This

solution consisted of: (NH
%
)
#
SO

%
(4 m), CaSO

%
.

2H
#
O (2 m), CaCl

#
(2 m), MgSO

%
\7H

#
O

(1±5 m), Na
#
HPO

%
(0±3m ), K

#
SO

%
(0±2 m),

EDTA-FeNa (70 µ), H
$
BO

$
(30 µ), MnSO

%

(15 µ), CuSO
%
\5H

#
O (1 µ), ZnSO

%
\7H

#
O (1 µ)

and Na
#
MoO

%
\2H

#
O (0±15µ). The substrate was

watered to field capacity three times per week. Field

capacity was assessed by weighing the bags.

Plant growth was measured and mycorrhizal

colonization assessed with time, during the growth

period. Shoot and root f. wt were recorded and mean

confidence intervals calculated at P!0±05. Approxi-

mately 1 g aliquots of each root system were stained

(Phillips & Hayman, 1970), and root AM coloniza-

tion was estimated using the gridline intersect

method (Giovannetti & Mosse, 1980). Roots from

21, 30, 45 and 60-d-old plants were used for

microsome extraction and subsequent ATPase ac-

tivity measurements. Three replicates per harvest

time were used. Before carrying out microsome

isolation the root systems used were excised and

maintained at room temperature for 2 h in aerated

0±2 m CaSO
%
.

Isolation of microsomes

The procedure for microsomal vesicle preparation

essentially followed that described by De Michelis &

Spanswick (1986) with minor modifications.

Samples of root tissue (c. 4 g) were finely chopped.

The samples were then ground in a chilled mortar

and pestle for 2 min, and subsequently with a glass

homogenizer in 4 ml g−" of an ice-cold homogenizing

grinding medium (10% glycerol, 0±5% BSA, 25 m

BTP}MES (pH 7±6), 250 m sucrose, 2 m DTT,

2 m MgSO
%
, 2 m ATP, 2 m EGTA, 1 m

PMSF and 10% PVPP). The homogenate was

filtered through four layers of a cheesecloth and the

filtrate centrifuged at 13000 g for 10 min. The

subsequent supernatant fraction was centrifuged for

35 min at 80000 g. The pellet obtained from this last

centrifugation (the microsomes) was resuspended in

5 ml of the grinding medium supplemented with

250 m KI, and maintained on ice for 10 min. The

KI-washed microsomes were then centrifuged

(80000 g), and the pellet obtained, which potentially

contained both plant and fungal membranes, was

resuspended in a preserving medium (10% glycerol,

0±25% sucrose, 2±0 m BTP}MES (pH 7±0) and

1±0 m DTT) and stored at ®70 °C until ATPase

determination was carried out. Washing in KI allows

the isolation of the cellular membrane fraction

enriched in the vanadate-sensitive H+-ATPase

(plasma membrane H+-ATPase) (De Michelis &

Spanswick, 1986).
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Figure 1. Shoot (a) and root (b) development, and

mycorrhizal colonization (c) of sunflower (Helianthus
annus) plants. Plants were inoculated (closed symbols) or

not (open symbols) with the AM fungus Glomus sp.

Determination of proteins

Protein concentration in microsomes was deter-

mined by the method described by Bradford (1976)

and modified by Gogstad & Krutnes (1982), using

bovine serum albumin (BSA) as standard.

ATPase assays

ATPase activity was determined as described by

Galtier et al. (1988) with some modifications (Ferrol

et al., 1993). This methodology consists of the

determination of the Pi released during ATP hy-

drolysis by the microsomal ATPases after 30 min of

incubation at 30 °C. The assay medium for the

measurement of total ATPase activity of sunflower
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Figure 2. Shoot (a) and root (b) development, and

mycorrhizal colonization (c) of onion (Allium cepa) plants.

Plants were inoculated (closed symbols) or not (open

symbols) with the AM fungus Glomus sp. (*) Indicates

differences significant at P!0±05.

microsomal vesicles contained 25 m BTP}HCl

(pH 6±5), 0±1 M KCl, 100 µ Na
#
MoOH, 3 m

MgSO
%
, 3 m ATP-BTP (pH 6±5) and 20 µg ml−"

LPC, in a final volume of 0±5 ml. A similar basal

reaction medium was used for microsomes from

onion roots with the following modifications: BTP}
HCl (pH 7±0), MgSO

%
(1±5 m) and ATP-BTP

(1±5 m). The amount of protein routinely used was

8 µg per assay. Three replicates were run for each

assay. Measurements were carried out using a

spectrophotometer (Shimadzu Model 160) set at

820 nm.

Plasmalemma Mg-ATPase activity, assayed at

pH 6±5, was defined as the vanadate-sensitive,

molybdate-insensitive, nitrate-insensitive and azide-
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insensitive Mg-ATP hydrolysis (∆Vanadate) (Gibrat

et al., 1989). The tonoplastic Mg-ATPase activity,

assayed at pH 8±5, was defined as the nitrate-sensitive

activity (∆Nitrate), and mitochondrial Mg-ATPase

activity, also assayed at pH 8±5, was described as the

azide-sensitive activity (∆Azide). These activities

were measured by applying 0±25 m sodium ortho-

vanadate, 100 m potassium nitrate and 1 m

sodium azide, respectively.

R

Figures 1a, b, and 2a, b, show sunflower and onion

shoot and root development with time. No significant

differences in shoot and root development were

observed between mycorrhizal and non-mycorrhizal

sunflower plants (Fig. 1a, b). However, mycorrhizal

onion plants exhibited significantly greater shoot and

root weights than non-mycorrhizal, control plants at

day 60 (Fig. 2a, b). Mycorrhizal colonization in-

creased with time in the AM-inoculated plants. At

day 60 mean colonization levels reached 71% for

sunflower (Fig. 1c) and 90% for onion (Fig. 2c).

Before day 45, colonization was mainly arbuscular,

with a lower occurrence of arbuscules in onion than

in sunflower root internal cortex. After 45 d, the

proportion of AMF vesicles increased in both plants.

No AM colonization occurred in roots of un-

inoculated (control) plants.

Table 1 shows changes in protein content of

sunflower and onion root microsomes with time.

Sunflower plants showed no difference between

Table 1. Protein content of microsomes isolated from mycorrhizal and non-

mycorrhizal sunflower and onion roots during a 60-d time-course experiment

Sunflower Onion

Time (d) Control Mycorrhizal Control Mycorrhizal

21 0±23³0±01 0±22³0±01 0±38³0±02 0±37³0±03

30 0±21³0±01 0±21³0±01 0±32³0±02 0±33³0±01

45 0±23³0±01 0±23³0±02 0±24³0±02 0±31³0±02

60 0±14³0±01 0±15³0±01 0±22³0±02 0±28³0±03

Results are expressed as the mean of three replicates (mg g−" root f. wt)³.

Table 2. Vanadate-sensitive ATPase activity (∆Vanadate) of microsomes

isolated from mycorrhizal and non-mycorrhizal sunflower and onion roots

during a 60-d time-course experiment

Sunflower Onion

Time (d) Control Mycorrhizal Control Mycorrhizal

21 68±07³0±82 67±59³2±00 53±95³0±87 53±06³0±61

30 53±41³0±64 59±92³1±39 68±76³3±96 65±15³3±50

45 48±69³2±34 53±29³1±40 62±16³0±17 57±13³0±47

60 37±99³3±55 45±35³2±95 59±16³3±40 49±61³2±50

Results are expressed as the mean of three replicates (µmol P mg−" protein h−",

specific activity)³.

mycorrhizal and non-mycorrhizal (control) treat-

ments. The protein content of both remained stable

up to day 45, and thereafter declined markedly,

coinciding with flowering. The microsomes of

control and mycorrhizal onion plants showed maxi-

mum protein content at day 21, then proteins

decreased in both treatments. This decrease was,

however, less pronounced in microsomes from

mycorrhizal roots. Differences in protein content

between control and mycorrhizal root microsomes

increased with AMF colonization.

The effect of mycorrhizal colonization on the

ATPase activities of sunflower and onion root

microsomal membranes are shown in Tables 2–4.

These results show that the ATPase activity of the

microsomal extracts was more sensitive to vanadate

than to nitrate or azide. This is reflected by the

higher values of ∆Vanadate obtained (Table 2),

compared with the ∆Nitrate (Table 3) and ∆Azide

(Table 4). Thus, as expected, the major component

of the microsomal ATPases obtained in this study

appeared to be plasmalemma-bound ATPases. The

low ∆Nitrate values indicate a low level of tono-

plastic-associated ATPases, especially in the case of

sunflower. In general, there was little difference

between the ATPase activity of microsomes from

mycorrhizal roots and those from non-mycorrhizal

roots.

Sunflower root microsomes from both treatments

showed their maximal specific vanadate-sensitive

ATPase activity at day 21; thereafter activity

decreased (Table 2). This decrease was smaller in
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Table 3. Nitrate-sensitive ATPase activity (∆Nitrate) of microsomes

isolated from mycorrhizal and non-mycorrhizal sunflower and onion roots

during a 60-d time-course experiment

Sunflower Onion

Time (d) Control Mycorrhizal Control Mycorrhizal

21 10±91³1±20 13±34³1±50 24±17³1±13 20±68³1±42

30 10±83³1±38 8±86³2±06 24±13³2±61 22±57³2±11

45 13±13³1±66 13±55³1±46 27±61³1±36 30±64³0±05

60 3±50³1±11 5±73³1±23 18±60³0±18 22±97³0±58

Results are expressed as the mean of three replicates

(µmol P mg−" protein h−", specific activity)³.

Table 4. Azide-sensitive ATPase activity (∆Azide) of microsomes isolated

from mycorrhizal and non-mycorrhizal sunflower and onion roots during a

60-d time-course experiment

Sunflower Onion

Time (d) Control Mycorrhizal Control Mycorrhizal

21 19±30³2±11 22±58³1±42 35±81³0±72 30±35³1±70

30 19±85³1±57 21±33³0±33 36±23³2±45 35±32³3±44

45 21±29³2±64 23±73³3±19 42±68³3±00 47±08³1±24

60 5±45³1±08 6±84³0±18 28±09³0±49 38±08³1±64

Results are expressed as the mean of three replicates (µmol P mg−" protein h−",

specific activity)³.

microsomes from mycorrhizal roots. Tonoplast

microsomal ATPase activity of sunflower (Table 3)

showed no significant differences between mycor-

rhizal and non-mycorrhizal plants. Azide-sensitive

(mitochondrial-associated)ATPaseactivityofmycor-

rhizal sunflower microsomes showed a higher ac-

tivity than control treatment at all measured times

(Table 4), although these differences were only

significant at day 60.

Mycorrhizal and non-mycorrhizal onion root

microsomes attained their maximal specific

vanadate-sensitive ATPase activity at day 30, de-

creasing thereafter (Table 2). In contrast to the

results obtained for sunflower, mycorrhizal onion

microsomes showed a lower specific vanadate-

sensitive ATPase activity than did corresponding

extracts from non-mycorrhizal controls at days 45

and 60. Determinations of ∆Nitrate and ∆Azide

(Tables 3, 4), showed initially (days 21 and 30) lower

activity levels for mycorrhizal microsomes, and

finally (days 45 and 60) higher activity levels for the

mycorrhizal extracts, especially for mitochondrial

ATPase activity.



Arbuscular mycorrhizas are mutualistic symbioses

characterized by the bidirectional exchange of

nutrients between both partners through their

plasma membranes (Smith & Smith, 1990). It can,

therefore, be expected that, as a consequence of

mycorrhiza formation, both symbionts may undergo

some physical, biochemical and physiological modifi-

cations, particularly at the plasma membrane level.

Physical and structural changes to the cellular

membranes of roots as a consequence of AM

formation have been reported in several studies. It

has been estimated that a fourfold to tenfold increase

in the host plasma membrane surface area can be

induced following AMF colonization (Cox & Tinker,

1976; Toth & Miller, 1984; Alexander et al., 1988).

Alterations in the lipid (Bago, Donaire & Azco! n-

Aguilar, 1996) and protein (Wyss, Mellor &

Wiemken, 1990) composition of mycorrhizal root

membranes have been also found. Our results show

a higher protein content in microsomes obtained

from mycorrhizal onion roots at days 45 and 60

compared with those of non-mycorrhizal roots

(Table 1). These results agree with those obtained by

McArthur & Knowles (1993) for potato mycorrhizal

root microsomes and suggest that, in onion, new,

symbiosis-induced membrane proteins are syn-

thesized as a consequence of AM formation. How-

ever, our results indicate that mycorrhizal sunflower

root membranes protein levels remain unchanged

following colonization. Therefore, changes in mem-

brane protein after mycorrhiza formation seem to be

dependent on the plant species involved.

Biochemical changes induced to cellular mem-

branes following AM formation are poorly under-
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stood. Qualitative data concerning the rearrange-

ment of ATPase activities on arbuscular and peri-

arbuscular membranes have been studied using

cytochemical techniques (Marx et al., 1982;

Gianinazzi-Pearson et al., 1991, 1995). Research by

McArthur & Knowles (1993) indicates that the use

of microsomes, together with specific ATPase in-

hibitors, might provide a good starting point for the

study of biochemical alterations induced by AM

formation and functioning at the membrane level.

The values obtained in the present study for

microsomal ATPase activity of both sunflower and

onion microsomes are within the range of those

described for other plants (either mycorrhizal or

non-mycorrhizal) by different authors (McArthur &

Knowles, 1993; Burgos & Donaire, 1996). It is

important to emphasize that although the differences

found in ATPase activities of root microsomes from

mycorrhizal and non-mycorrhizal sunflower and

onion plants were small, these differences might be

biologically important.

Our results show a higher specific vanadate-

sensitive H+-ATPase activity in mycorrhizal sun-

flower microsomes than in non-mycorrhizal ones.

However, in onion microsomes a lower activity was

found. Due to enhanced bidirectional nutrient

transport across the plasmalemma following the

establishment of AM symbiosis, an increase in the

activity of H+-ATPase, one of the principal enzymes

involved in such a transport across membranes,

would be expected. Because the specific activity is

related to the protein content of the microsomal

extract, the higher amount of membrane-bound

proteins in mycorrhizal onion could have influenced

these results by exerting a dilution effect. If

vanadate-sensitive H+-ATPase is expressed on a

f. wt basis, the ATPase activity of the mycorrhizal

root microsomes is similar to, or even significantly

higher (45 d) than that from non-mycorrhizal ones.

This further supports the findings of McArthur &

Knowles (1993), who found an enhanced vanadate-

sensitive ATPase activity in potato mycorrhizal root

microsomes than in non-mycorrhizal ones, but only

when expressed on a f. wt basis, not when expressed

as specific ATPase activity.

Although only slight differencies were observed in

the specific activities of tonoplast-bound (nitrate-

sensitive) and mitochondrial-bound (azide-sensitive)

ATPases from sunflower mycorrhizal and non-

mycorrhizal plants, activity was generally greater in

mycorrhizal treatments. Microsomes from mycor-

rhizal onion roots showed greater specific nitrate-

and azide-sensitive ATPases activities than those

from control roots from day 45 on. AM estab-

lishment promotes several cellular changes in both

partners, particularly increases in the tonoplast

surface and in the number of mitochondria present

in plant cells containing arbuscules (Bonfante-

Fasolo, 1984). Moreover, the metabolic activity

related to nutrient uptake, transport and exchange

between the symbionts involves processes of loading

or unloading of nutrients to or from the vacuoles.

Tonoplast-associated ATPases have been related to

these processes (Slayman, 1985), therefore the

observed increase in the activity of these enzymes in

mycorrhizal roots is not surprising. Similarly, the

increased azide-sensitive ATPase activity is logical if

the increased metabolic activity and respiration rate

of mycorrhizal roots compared with non-mycor-

rhizal ones are considered (Baas, van der Werf &

Lambers, 1989).

The adaptation of a plant to prevailing environ-

mental conditions involves different physiological

strategies, including changes in its mycorrhizal

status. In the present study, two plants exhibiting

different degree of mycotrophy were used. Onion is

a highly mycotrophic plant (Azco! n-Aguilar et al.,

1993), whereas sunflower is a facultative mycotroph

(Bago, 1994; Bago & Azco! n-Aguilar, unpublished).

Therefore, it is not surprising that both plants

exhibit different membrane responses following AM

colonization.

Facultative mycotrophic plants such as sunflower,

have developed regulatory systems that allow them

to establish mycorrhizal associations only under

environmental conditions where they can benefit

from the symbiosis (Koide & Li, 1990). Taking into

account the tendency of evolution, which seems to be

towards non-mycotrophy (Brundrett, 1991), sun-

flower could be considered more evolved than onion.

According to our results, AM colonization in

sunflower seems to enhance the transport capability

of the membranes through enzymatic changes, i.e.

the stimulation of plasma membrane H+-ATPase

activity. Such enzymatic changes might be expected

to be quicker, but potentially less permanent, more

economic and more ‘plastic ’. This response may be

more beneficial to a facultatively mycotrophic plant.

In onion roots however, enhanced nutritional status

following AM formation could be mainly structural

in origin. This suggestion is supported by the

increased root weight and the increase in the protein

content of root membranes in mycorrhizal plants,

rather than a stimulation of the plasma membrane

H+-ATPase activity. Structural changes are meta-

bolically more expensive than enzymatic ones.

However, the potential benefits to the onion plant by

means of this strategy would overcome the costs of

the ‘ investment’. This strategy points towards a less

evolved, highly dependent plant, in which the

mycorrhizal status is essential for optimum develop-

ment and even survival. In such plants, changes

should be as permanent as possible. The differences

found between both plants in the ATPase activity of

other cellular membranes (tonoplast and mitochon-

dria) also highlight onion as a highly mycotrophic

plant, dependent upon mycorrhizal formation for

optimal development.
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In conclusion, the physiological alterations in-

duced by AM formation in the root, which provide

the mycorrhizal plant with a higher potential for

uptake of soil nutrients, are reflected in changes in

the ATPase activities of the mycorrhizal root

membranes. However, the metabolic and biochemi-

cal strategy followed by each plant species may

differ, being controlled by many complex genetic,

biochemical, physiological and environmental para-

meters.
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