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To analyse the effect of arbuscular mycorrhizal (AM) colonization on tomato gene expression, two-dimensional

polyacrylamide gel electrophoresis (2D-PAGE) patterns of crude extracts, soluble and membrane proteins of

tomato roots, either mycorrhizal and the AM fungus Glomus mosseae (Nicol. & Gerd.) Gerd. & Trappe or non-

mycorrhizal, have been compared. In the three fractions analysed, AM colonization induced up-regulation with

down-regulation of the synthesis of polypeptides already present in tomato roots and induction of some new

polypeptides. Separation of root extracts into soluble and membrane fractions allowed us to identify two soluble,

and five membrane-bound, newly induced polypeptides in AM roots. Comparison of the protein patterns of AM

roots with those of the external mycelium of G. mosseae showed that one of the newly induced polypeptides might

correspond to a fungal polypeptide. By using this experimental approach, we have been able to detect 44

polypeptides that are differentially displayed in tomato roots as a consequence of the establishment of the AM

symbiosis.
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Arbuscular mycorrhizal (AM) symbioses are

mutualistic relationships existing between

Glomalean fungi and the majority of higher plants,

including most agricultural crops (Barea & Jeffries,

1995). Colonization of root tissues by AM fungi

follows a morphologically well defined series of

events which begins with the formation, on the root

surface, of an appressorium, from which a pen-

etration hypha enters the root, and culminates in the

intense proliferation of mycelium intercellularly or

intracellularly, and the differentiation of specialized

and highly branched structures, the arbuscules,

within the cortex cells (Smith & Read, 1997).

As a consequence of AM colonization, roots

undergo anatomical, histological, metabolic and

genetic modifications (for review see Bonfante &

Perotto, 1995; Azco! n-Aguilar & Barea, 1996;

Gianinazzi-Pearson, 1996). Although much is known
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about colonization at the structural level, we still

know very little about the genes and gene-products

involved in this process. However, an understanding

of the molecular and genetic bases underlying the

temporal and spatial control of genes involved in the

development of the symbiosis is now within reach, as

more advanced techniques of molecular and genetic

analyses are being applied to mycorrhizal inter-

actions. Electrophoretic analysis of total proteins

extracted from mycorrhizal roots of different plant

species have shown qualitative and quantitative

changes in the protein patterns in comparison with

non-mycorrhizal roots (Arines, Palma & Vilarin4 o,

1993; Simoneau et al., 1994; Dumas-Gaudot et al.,

1994; Samra, Dumas-Gaudot & Gianinazzi, 1997).

These studies have shown that mycorrhizal coloni-

zation of the root system results in the appearance of

new proteins, increases the production of some

polypeptides already present in uninfected roots

and}or decreases the amount of others. The newly

induced polypeptides, of plant or fungal origin, have

been called endomycorrhizins by analogy to nodulins
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(Verma, Hu & Zhang, 1992), ectomycorrhizins

(Hilbert & Martin, 1988), and haustorins (Roberts et

al., 1993), produced in other plant–microbe inter-

actions. However, the origin and role of these

endomycorrhizins have not yet been determined,

although some of them could be similar to certain

nodulins induced during the Rhizobium–legume

symbiosis (van Rhijn et al., 1997). Qualitative and

quantitative alterations in gene expression have

been also confirmed by RNA in vitro translation

(Wyss, Mellor & Wiemken, 1990; Garcı!a-Garrido,

Toro & Ocampo, 1993), differential mRNA display

(Martin-Laurent, Franken & Gianinazzi, 1996) and

RNA gel blot hybridization (northern blot) analysis

(Harrison & Dixon, 1993; Harrison, 1996; Murphy,

Langridge & Smith, 1997).

In relation to the analysis of polypeptide maps, all

the previous work has focused on alterations in

protein expression during the main stages of AM

symbiosis development. However, little is known

about the subcellular localization of these protein

changes. Immunological studies have enabled identi-

fication of two soluble and three membrane-bound

polypeptides that are expressed in soybean roots

colonized by G. mosseae (Wyss et al., 1990). More-

over, by using monoclonal antibodies, a soluble

polypeptide that accumulates on the interface created

around the mycorrhizal fungus during the formation

of the arbuscule, and several membrane proteins that

are located in the periarbuscular membrane, have

been identified in mycorrhizal pea roots (Perotto,

Brewin & Bonfante, 1994). However, further studies

need to be done to localize changes in protein

expression in AM symbiosis. The aim of our work

was to compare the protein profiles of mycorrhizal

and non-mycorrhizal tomato roots using 2D-PAGE,

in order to detect possible changes in the expression

of crude extracts, and soluble and membrane

proteins, when the symbiosis with the AM fungus G.

mosseae was fully established. Extraradical mycelium

of G. mosseae obtained from mycorrhizal tomato

plants was also included in the study to obtain

further information about the origin of the my-

corrhiza-induced polypeptides.

  

Biological material and growth conditions

Tomato (Lycopersicon esculentum L. cv. Earlymech)

seeds were surface-sterilized and pre-germinated in

sterile vermiculite. Seven-d-old seedlingswere trans-

planted into pots (two plants per pot) containing 1 kg

of a sterile mixture of sand}vermiculite (1}1 (v}v)),

and inoculated with the AM fungus Glomus mosseae

(Nicol. & Gerd.) Gerd. & Trappe (BEG 12)

(mycorrhizal treatment, M), or with a filtrate of the

AM inoculum containing the microbial populations

without the AM propagules (control treatment, C).

Plants were grown in a growth chamber (25}18 °C
day}night temperature, 70% r.h. and 16 h photo-

period at 400 µmol m−# s−"), and watered three times

per week with a low-phosphorus-content (25%)

Long Ashton nutrient solution (Hewitt, 1952).

Plants were harvested 4 wk after transplanting,

and AM colonization was estimated on stained root

samples (Phillips & Hayman, 1970) by using the

gridline intersect method (Giovannetti & Mosse,

1980). Extraradical mycelium of G. mosseae was

collected from 12 mycorrhizal plants by rubbing the

roots while submerged in sterile water and passing

this water through a 50 µm mesh sieve. Viability of

the harvested hyphae was assessed by determining

succinate dehydrogenase activity (Hamel, Fyles &

Smith, 1990).

Extraction and fractionation of proteins

Proteins were extracted as described previously

(Ferrol et al., 1993). Briefly, tomato roots and

external mycelium of G. mosseae were homogenized

with a pestle and mortar in a cold grinding medium

(1}3 (w}v)) containing 25 m Tris-HCl pH 8±0,

250 m sucrose, 2 m ethylene glycol-bis(β-amino-

ethyl ether) N,N,N«,N«-tetraacetic acid (EGTA),

2 m MgSO
%
, 10% glycerol, 1 m DTT, 2 m

phenylmethylsulphonyl fluoride (PMSF) and 10%

polyvinylpolypyrrolidone (w}v). The homogenate

was filtered through four layers of cheesecloth and

centrifuged at 13000 g for 15 min to sediment cell

wall debris. The supernatant fraction (crude extract)

was centrifuged at 80000 g for 35 min. The super-

natant containing the soluble cell components was

aliquoted and stored at ®80 °C until further analy-

sis. The membrane pellet was resuspended in a

medium containing 2 m Tris-HCl, pH 8±0, 250 m

sucrose, 10% glycerol, 1 m DTT, 1 m PMSF

and 20 µg ml−" chymostatin and stored at ®80 °C.

Protein content of the different fractions was de-

termined using the Bradford assay (Bradford, 1976).

Alcohol dehydrogenase activity, a cytoplasm marker

enzyme, was determined in the microsomal fraction

(Suzuki & Kyuwa, 1972).

Protein solubilization and sample preparation

For 2D-PAGE, proteins were prepared according to

the method of Hurkman & Tanaka (1986) with slight

modifications. Crude extracts (300 µg) and micro-

somes (300 µg) were suspended in a solubilization

buffer containing 0±7  sucrose, 0±5  Tris-HCl,

pH 7±5, 50 m EDTA, 0±1  KCl, 2% 2-mercap-

toethanol and 2 m PMSF and incubated for 10 min

at 4 °C. Proteins were extracted from this solution by

adding an equal volume of water-saturated phenol.

Total, soluble and membrane proteins were pre-

cipitated with 5 volumes of cold (®20 °C) 0±1 

ammonium acetate in methanol, collected by centri-
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Figure 1. Silver-stained 2D-PAGE gels of crude extracts of control (C) and mycorrhizal (M) tomato roots.

Similar amount of proteins (100 µg) were loaded onto the IEF gels. The second dimension was performed in

11% polyacrylamide gels. ^, down-regulated; D, up-regulated; *, new proteins are indicated in both gels.

fugation, rinsed three times with cold ammonium

acetate in methanol and once with cold acetone, and

dried under a stream of N
#

gas. The pellet was

solubilized in a urea buffer consisting of 9±5  urea,

4% (3-((3-cholamidopropyl)dimethylammonio)-1-

propanesulphonate), 0±5% Nodidet2 P-40, 2% 2-

mercaptoethanol, 2 m PMSF, 2% ampholytes

(1±2% pH range 3–10, 0±4% pH range 4–6 and 0±4%

pH range 5–7, Bio-Rad2). The sample was incubated

for 1 h at 30 °C and insoluble material was removed

by centrifugation. Protein concentration in the

supernatant was determined using the method of

Ramagli & Rodriguez (1985).

Two-dimensional gel electrophoresis

2D–PAGE of crude extracts, soluble and membrane

proteins was performed essentially as described by

O’Farrell (1975). Samples containing 100 µg of

protein were loaded at the basic end of electro-

focusing gels containing 9±5  urea, 4% CHAPS,

0±5% Nonidet P-40, 4% polyacrylamide and 2%

ampholytes (pH range 3±5–10). The lower reservoir

was filled with 10 m H
$
PO

%
and the upper reservoir

with 100 m NaOH. The isoelectro-focalization

(IEF) was performed for 15 min at 200 V, 15 h at

300 V and 1 h at 800 V and gels were extruded and

equilibrated in 2% SDS, 15 m DTT, 62 m Tris-

HCl pH 6±8, 10% glycerol. Separation of the

proteins in the second dimension was accomplished

in 11 or 12% polyacrylamide (SDS–PAGE) gels.

Proteins in gel were visualized by silver staining

(Blum, Beier & Gross, 1987).

Analysis of protein maps

Analysis of 2D-PAGE gels was performed on a

Macintosh2 Performa 5200 computer using the NIH

Image program developed at the US National

Institute of Health. Differences were confirmed by

visual analysis of gels. The apparent molecular

weight of proteins was determined by co-electro-

phoresis with broad range (Bio-Rad 161-0371)

SDS–PAGE molecular weight standards, and the

apparent isoelectric point (pI) by measuring the pH

range in each set of IEF electrophoresis. Protein

extractions were carried out from three independent

inoculation experiments, and two 2D-PAGE gels

were run for each protein extract. Changes in specific

polypeptides were recorded only when they occurred

in all the replicated gels.



Mycorrhizal colonization

Mycorrhizal tomato plants exhibited slight, but

significant, increases in shoot and root weight (10±84
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Table 1. Differentially displayed polypeptides in crude

extracts of tomato roots as a consequence of AM

colonization by Glomus mosseae

Spot

number MW pI

Observed

change

1 120 4±56 Decrease

2 90 4±56 New

3 102 5±97 Increase

4 73 5±01 Decrease

5 58 4±20 New

6 53 5±01 Increase

7 43 5±34 Increase

8 35 5±91 Increase

9 28 6±21 Increase

and 12±10 g shoot f. wt and 4±32 and 4±93 g root f. wt.

for control and mycorrhizal plants, respectively).

Mycorrhizal colonization reached 45% of the total

root length and no colonization was observed in non-

inoculated plants.

Changes in root proteins induced by mycorrhizal

colonization

The protein pattern of mycorrhizal roots differed

from that of controls when analysed by 2D-PAGE

(Fig. 1). The molecular size of polypeptides detected

in these extracts ranged from 120 to 20 kDa and the
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Figure 2. Silver-stained 2D-PAGE gels of soluble proteins extracted from control (C) and mycorrhizal (M)

tomato roots. Similar amount of proteins (100 µg) were loaded onto the IEF gels. The second dimension was

performed in 12% polyacrylamide gels. ^, down-regulated; D, up-regulated; *, new proteins are indicated

in both gels.

Table 2. Changes induced by AM colonization in the

soluble polypeptide pattern of tomato roots

Spot

number MW pI

Observed

change

1 97 4±49 Increase

2 90 4±51 Increase

3 80 4±63 Increase

4 70 4±63 Increase

5 70 5±72 Increase

6 102 6±06 Increase

7 97 6±56 Decrease

8 60 4±29 New

9 52 4±82 New

10 50 4±82 Increase

11 44 4±47 Increase

12 39 4±85 Decrease

13 35 4±94 Decrease

14 28 5±13 Decrease

15 27 5±22 Decrease

16 42 6±99 Increase

17 36 6±56 Decrease

18 37 5±81 Increase

19 31 6±37 Increase

20 30 6±46 Decrease

21 18 4±82 Increase

pIs from 4±2 to 7±1. Nine polypeptides displayed

changes as a result of mycorrhizal colonization

(Table 1). Polypeptides 2 and 5 were not detected in

control tissues, polypeptides 1 and 4 decreased in
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Figure 3. Silver-stained 2D-PAGE gels of microsomal proteins extracted from control (C) and mycorrhizal

(M) tomato roots. Similar amount of proteins (100 µg) were loaded onto the IEF gels. The second dimension

was performed in 11% polyacrylamide gels. ^, down-regulated; D, up-regulated; *, new proteins are

indicated in both gels.

Table 3. Differentially displayed polypeptides in the

membrane fraction of tomato roots as a consequence of

AM colonization by Glomus mosseae

Spot

number MW pI

Observed

change

1 120 4±60 Decrease

2 75 4±98 Decrease

3 64 5±51 Decrease

4 80 6±92 Increase

5 68 6±50 New

6 54 5±04 Increase

7 52 4±83 New

8 49 4±89 New

9 42 4±92 Increase

10 40 5±04 Increase

11 37 5±41 Decrease

12 35 5±47 Decrease

13 43 6±63 New

14 41 6±66 New

15 39 6±34 Increase

16 39 6±66 Increase

17 35 6±90 Increase

18 32 6±63 Increase

19 31 6±08 Increase

20 30 6±23 Increase

21 28 6±05 Increase

22 26 6±17 Increase

23 25 6±92 Increase

mycorrhizal plants compared with controls, and

polypeptides 3, 6, 7, 8 and 9 increased in mycorrhizal

roots.

Changes in soluble proteins

Crude extracts of root proteins were fractionated

into soluble and membrane proteins to try to localize

the changes described above. The second dimension

of soluble proteins was carried out in 12%, instead

of 11%, polyacrylamide gels because the molecular

size of these proteins ranged from 110 to 14 kDa

(Fig. 2). Comparison of soluble protein patterns

from mycorrhizal and non-mycorrhizal roots re-

vealed three major changes in protein patterns (Fig.

2). Two novel polypeptides were found in AM roots,

12 polypeptides already present in the control

soluble-fraction were up-regulated and seven down-

regulated (Table 2). Interestingly, six of the seven

down-regulated proteins were quite small, having an

apparent molecular weight from 39 to 27 kDa.

Comparisons between the changes induced by AM

colonization in soluble proteins and in the crude

extracts of tomato roots, suggest that spots 3, 5 and

8 of Figure 1 correspond to spots 6, 8 and 18 of

Figure 2 respectively; also one of the new poly-
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Figure 4. Silver-stained 2D-PAGE gels of total (a) and membrane proteins (b) extracted from the extraradical

mycelium of Glomus mosseae. The second dimension was performed in 11% polyacrylamide gels. *,

polypeptides that are also observed in the membrane polypeptide map of AM roots.

peptides detected in the crude extract of AM roots

(spot 2, Fig. 1) could correspond to spot 2 of Figure

2, a soluble up-regulated polypeptide.

Changes in membrane proteins

Before analysing the protein pattern of the mem-

brane fraction, the alcohol dehydrogenase activity (a

cytosolic marker enzyme) was determined to assess

the purity of this fraction. This activity was

undetectable, indicating the absence of soluble

proteins in the membrane fraction used for 2D-

PAGE analysis.

The pattern of membrane proteins from AM roots

was also different from that of control tomato roots

(Fig. 3). Thirteen polypeptides were up-regulated,

five down-regulated and five new polypeptides were

detected in AM roots (Table 3). Most of the up-

regulated proteins showed a molecular weight

ranging from 42 to 25 kDa and pI between 6±05 and

6±92. The down-regulated polypeptides however had

an acidic pI (between 4±6 and 5±51). Comparison of

the changes induced by AM colonization in the

crude extracts and membrane proteins of tomato

roots showed that polypeptides 1, 4, 6 and 9 found in

crude extracts could correspond to polypeptides 1, 2,

6 and 22 respectively detected in the membrane

fractions.

Polypeptide patterns of the external mycelium of

Glomus mosseae

In an attempt to see if the newly-induced poly-

peptides observed in the 2D-PAGE patterns of

soluble and microsomal proteins extracted from

mycorrhizal roots were symbiosis-related poly-

peptides or polypeptides coming from the fungal

partner, we compared the polypeptide patterns of

AM roots with those of the extraradical mycelium of

G. mosseae. Vital staining of the collected mycelium

showed that approx. 80% of the hyphae were

metabolically active. Fractionation of 1±5 g of ex-

ternal mycelium yielded enough membrane proteins

for analysis by 2D-PAGE; however, we did not

recover sufficient proteins to obtain the protein

profile of the soluble fraction.

2D-PAGE analyses of the crude extract and

membrane fraction of the AM fungus revealed about

50 total (crude extract) and 100 membrane poly-

peptides that were resolved with good repro-

ducibility (Fig. 4). The crude extract had poly-

peptides ranging from 200 to 31 kDa with pIs

between 4±64 and 6±86, and the membrane fraction

from 200 to 25 kDa and a pI from 4±35 to 7±06. In

both fractions, the most abundant polypeptides were

located in a region of the gel with molecular weights

from 85 to 45 kDa and pIs from 4±81 to 6±23. In the
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membrane fraction gels additional polypeptides

having molecular weights!50 kDa and pIs from

4±55 to 5±63 could be clearly resolved (Fig. 4b).

Comparison of these gels with those of AM roots,

indicates that only one of the newly-induced poly-

peptides detected in AM root (spot 8 in Fig. 3) was

also present in the fungal polypeptide map (spot 1,

Fig. 4b, pI 4±72 and 48 kDa). Additionally, spot 2 in

Figure 4 b (43 kDa, pI 4±91) could account for the

increased amount of polypeptide 9 in Figure 3

(42 kDa, pI 4±92).



Understanding the molecular and genetic basis of

the plant–fungus interactions in a functional mycor-

rhizal symbiosis requires the identification of genes

and gene-products involved in this process. In the

present work we have used 2D-PAGE, a useful

technique for the global analysis of cellular gene

expression, to investigate the effect of AM colo-

nization upon tomato gene expression. By analysing

the product of genes expressed in mycorrhizal and

non-mycorrhizal tomato roots and external my-

celium of G. mosseae we have been able to identify a

series of soluble and membrane symbiosis-specific

proteins.

Changes in protein patterns resulting from AM

infections have been previously reported in different

plant species (Dumas-Gaudot et al., 1994; Simoneau

et al., 1994; Samra et al., 1997). However, these

studies have been carried out using total protein

extracts, and this is the first report that analyses

separately the soluble and membrane fractions of

mycorrhizal roots by 2D-PAGE.

In crude extracts we have been able to identify

nine polypeptides that are differentially displayed in

mycorrhizal tomato roots ; however, fractionation

into soluble and membrane proteins has allowed us

to identify up to 44 differentially regulated proteins,

21 in the soluble fraction and 23 in the membranes.

These data indicate that during the development of

the AM symbiosis the expression of some poly-

peptides is changed in such a low level, that it is

necessary to further purify the root extracts in order

to detect these changes by 2D-PAGE. From the nine

polypeptides differentially displayed in the crude

extract, four have been identified as membrane

proteins and four as soluble polypeptides; however,

one of them was not clearly evidenced in either

fraction.

In both soluble and membrane fractions we have

observed that AM colonization induces three major

changes in tomato gene expression: up-regulation

and down-regulation of some constitutive poly-

peptides already present in tomato roots and in-

duction of some new polypeptides. These data

confirm those reported in tobacco (Dumas-Gaudot

et al., 1994) and pea (Samra et al., 1997). In Ri-T-

DNA transformed tomato root the accumulation of

two new acidic polypeptides of 24 and 39 kDa has

been reported (Simoneau et al., 1994) during the

development of mycorrhiza; however, we have not

been able to detect these polypeptides. Although

both studies have been carried out in tomato roots,

the experimental conditions were very different. It is

also possible that the above mentioned polypeptides

were cell-wall proteins, a fraction we did not analyse

(13000 g pellet).

Our results concerning the effect of AM symbiosis

on root gene expression, as with those reported by

Dumas-Gaudot et al. (1994) and Samra et al. (1997),

contrast with those obtained for ectomycorrhizas

(Hilbert & Martin, 1988; Burgess et al., 1995). For

the ectomycorrhizal associations studied, it has been

shown that development of the symbiosis induced a

massive decrease in the concentration of the proteins

synthesized by the plant. These different responses

of root-gene expression in both types of symbioses

are not surprising considering the important changes

in root morphology induced by the ectomycorrhizal

colonization, compared with those produced by

arbuscular mycorrhizas.

The additional polypeptides detected in AM roots

could be endomycorrhizins (symbiosis-specific poly-

peptides) or polypeptides of the fungal partner. Up

to now studies on the AM fungal polypeptides have

been hampered by the fact that they are obligate

symbionts with very limited capability for inde-

pendent growth in the absence of the plant. Recently,

some efforts have been made to identify symbiosis-

specific polypeptides by using pea mutants unable to

establish mycorrhizas (myc−) (Samra et al., 1997)

and by analysing the protein profiles of the spores of

the AM fungus (Samra et al., 1996). Considering the

fact that the polypeptide profile of the spores can

differ substantially from that of the fungal mycelium,

we have tried to analyse, by 2D-PAGE, the soluble

and membrane fractions of the extraradical my-

celium of G. mosseae, in order to detect specific

endomycorrhizins in our system. However, this

approach is only an approximation since it is likely

that the protein profile of the external mycelium is

not identical to that of the fungal structures growing

inside the roots. Surprisingly, fractionation of the

crude extract obtained from 1±5 g of external my-

celium allowed us to obtain the 2D-PAGE protein

pattern for the membrane fraction but not for the

soluble fraction. We believe that this is the first time

that membranes from an AM fungus have been

isolated and their protein profiles studied. However,

further research is needed to characterize these

membranes and to study the soluble proteins of the

mycelium.

The appearance of endomycorrhizins in the AM

symbiosis indicates that new RNA populations

appear during mycorrhizal formation, suggesting

that the new proteins are synthesized ex novo, or they
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might appear as new protein species depending on

post-translational modifications. The first possibility

has already been demonstrated by RNA in vitro

translation (Wyss et al., 1990; Garcı!a-Garrido et al.,

1994) and by RNA differential display (Martin-

Laurent et al., 1996); however, nothing is known

about the possibility of post-translational modifi-

cations.

The role of up-regulated and down-regulated

polypeptides and endomycorrhizins in AM sym-

bioses has yet to be ascertained. It has been

hypothesized that the low molecular weight poly-

peptides, with an up-regulation, or de novo synthesis,

might correspond to some known host defence

proteins (Samra et al., 1997). This could be true for

the soluble, but not for the membrane polypeptides

because most of the defence reactions are located in

the protoplasm and the cell wall. It is interesting that

from the 23 differentially displayed membrane

polypeptides, 18 are new or up-regulated. It is well

known that membrane transport processes play a key

role in the transfer of nutrients between the my-

corrhizal partners and that an extensive proliferation

of membranes occurs during the development of the

AM symbiosis (Smith & Smith, 1996). Therefore, it

is logical to expect an increased gene expression for

proteins located in the membrane, and it is likely that

some of the up-regulated and new polypeptides are

transport proteins. Recently, up-regulation of two

plant genes whose products play a role in the

metabolic exchanges between the plant and the

fungus, an ATPase gene (Murphy et al., 1997) and a

sucrose transporter gene (Harrison, 1996), have been

demonstrated in AM roots.

In conclusion, by using 2D-PAGE we have been

able to identify 44 polypeptides that are differentially

displayed in tomato roots as a consequence of AM

colonization. At this stage the role of these poly-

peptides is unknown but we are currently purifying

and developing methods for the N-terminal se-

quencing of some of these proteins. For the first time

membranes from the AM fungus have been isolated.

This is obviously the first step in trying to charac-

terize them, and a key point to get new insights into

the mechanisms governing the uptake and transfer of

nutrients in AM symbiosis.
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