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Abstract: Lipids and their fatty acids were charac-
terized and quantified during the development of
the arbuscular mycorrhizal fungus Glomus versiforme
in roots of alfalfa (Medicago sativa). A net increase
in root total lipids was observed and was proportional
to the development of arbuscular mycorrhizal fungus
colonization. Triacylglycerols were the main lipid
class in colonized roots and appear to have been syn-
thesized by fungi. The increase of palmitoleic acid
(characteristic of triacylglycerols from arbuscular my-
corrhizal fungus) in roots colonized with G. versifor-
me reinforced this suggestion. Phosphatidylethanol-
amine and to a minor extent phosphatidylcholine
also increased during the endophyte growth. Varia-
tions in the lipid classes of external mycelia isolated
from one-, two- and three-mo old colonized roots
with G. wversiforme were also analyzed. Despite the
continuous increase of triacylglycerols and phospha-
tidylethanolamine observed, the polar lipid class pre-
dominated in the external mycelia isolated from one-
-mo old colonized roots and the neutral lipid class
prevailed in the external mycelia obtained from
three-mo old mycorrhizal roots. Biosynthesis of tria-
cylglycerols in intra- and extramatrical mycelia as well
as an induced synthesis of polar lipids in roots are
suggested as the consequence of fungi colonization.
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INTRODUCTION

Lipids are the most abundant compounds in arbus-
cular mycorrhizal tungi (AMF), although biochemi-
cal studies in these symbiont systems are scarce.
There are available data on the lipid composition of
few fungal species and only about some steps of the
root colonization process (Beilby, 1980; Beilby and
Kidby, 1980; Jabaji-Hare et al., 1984; Jabaji-Hare,
1988; Sancholle and Dalpé, 1993; Bentivenga and
Morton, 1994).

Root colonization by AMF has both an internal and
external phase. The development of structures within
the root has been studied in detail (Smith and Walk-
er, 1981; Bonfante-Fasolo, 1984) and the occurrence
of lipid droplets in internal hyphae and vesicles has
been reported (Mosse and Bowen, 1968; Ho and
Trappe, 1973; Cox and Sanders, 1974; Cooper and
Losel, 1978; Nemec, 1981). Nevertheless, the char-
acteristics of lipid classes and their quantitative vari-
ations during root colonization have not been deter-
mined yet. Little is known abour the development of
the external hyphae in relation to the internal phases
of development (Abbott and Robson, 1984; Sylvia,
1992), and no research about the behavior of lipids
during the development of extramatrical phasc has
been done Then, neither the lipid composition dur-
ing the development of external phase nor that of
internal phase have been simultaneously and care-
fully analyzed in the same species. In order to obtain
additional knowledge on the role of lipids in these
biological systems and because the available infor-
mation is so fragmentary, it is necessary to study lip-
ids in the same species at different times of AMF col-
onization.

Glomus versiforme is characterized by a high lipid
content in its spores (Gaspar et al., 1994a). We have
also determined the variations in lipid and fatty acid
composition in spores of G. versiforme at different
times of germination (Gaspar et al.,, 1994b), observ-
ing that this process evoked a continuous decrease
of triacylglycerols and an increase of phospholipids.
In order to gain information on the behavior of lip-
ids during the remaining colonization stages, the
present work deals with the variations in lipid com-
position at the time of G. versiforme colonization in
alfalfa roots, taking into account the internal phase
as well as rhe external mycelia.
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MATERIALS AND METHODS

Isolation of mycorrhizal roots and external mycelia.—
Glomus versiforme (Karsten) Berch is the species of
arbuscular mycorrhizal fungi (AMF) used in (hese ex-
periments. The strain (LPS N° 80) was maintained
on Medicago sativa L. (alfalfa). Plants were grown in
500 ml. open pots of 9:1 sand : soil steamed mixture.
Alfalfa seeds were sown in moistened sand, and after
two wk the seedlings were transplanted to the pots
and grown at room temperature. Plants were watered
from below using a capillary system, and fed with a
nutrient solution (Hewitt, 1952) lacking phosphate.

The AMF inoculum consisted of 5 g of rhizosphere
soil from an alfalfa plant pot culture of an isolate of
G. versiforme which contained spores, extramatrical
mycelia and colonized root fragments. The AMF-un-
inoculated treatment (control) consisted of soil fil-
trate (Whatman No. 1 filter paper) from the rhizo-
sphere of mycorrhizal plants containing common soil
microorganisms, but no propagules of G. versiforme.

Plants were harvested after 30, 60, 90 and 120 d.
The roots were washed and rinsed three times with
sterilized distilled water. The root system from each
of three replicate groups of pots was divided to rec-
ord a) AMF colonization, and b) lipid and fatty acid
composition.

External mycelia were isolated from roots of 30-,
60-, and 90-d old alfalfa colonized with G. versiforme
The roots were washed and rinsed gently with steril-
1zed water and the external mycelia collected with
forceps under a dissecting microscope.

Mycorrhizal measurements—The roots were cleared
and stained (Phillips and Hayman, 1970), cut in 1-cm
segments that were mixed and repeatedly subdivided
to yield random samples of 30 root segments. Rool
samples were mounted on slides and examined un-
der a compound microscope at X 160 magnification.
The percentage of total root length which was colo-
nized with AMF, percentage of arbuscules, number
of entry points, and vesicles were measured as de-
scribed by Ocampo et al. (1980).

Extraction and analysis of lipids—Inoculated and un-
inoculated roots, and external mycelia were frozen in
liquid air and finely pulverized in a mortar. Total lip-
ids of the resulting powder were extracted with chlo-
roform/methanol (2:1 vol/vol) by the method of
Folch et al. (1957). Quantitative determination of the
lipid classes was performed by TLC coupled to a
flame ionization detector (FID) (Ackman, 1990) in a
latroscan apparatus model TH 10 (Tatron Laborato-
ries, Tokyo, Japan), after their separation on chro-
marods type S-1II by the wriple development proce-
dure previously described in detail by Heras and Pol-

lero, (1989). The signals from the FID were regis-
tered on a Hewlett-Packard (Palo Alto, CA) model
HP-3396 A integrator.

Fatty acid analysis.—Alhquots of the extracts of total
lipids were saponified with 10% potassium hydroxide
in ethanol at 80 C under nitrogen for 45 min. The
unsaponifiables were extracted with petroleum ether
and discarded. The fatty acids were extracted with
petroleum ether after acidification and esterified
with 10% boron trifluoride in methanol. Fatty acid
methyl esters (FAME) were analyzed by gas-liquid
chromatography (GI.C) using a Shimadzu model
GC9A apparatus fitted with a 30 m DB-23 phase J y
W Scientific capillary column and a FID. Tempera-
ture was programmed for a linear increase of 3 C per
min from 160 to 220 C. Nitrogen was used as carrier
gas at a flow rate of 20 mL/min. In routine assays
FAME were analyzed in a Hewlett-Packard 5840 A ap-
paratus equipped with a FID. A column packed with
10% SP-2330 on Chromosorb WAW was used. Tem-
peraiure was programmed for a linear increase of 3
C per min from 140 to 220 C (Pollero, 1986). The
chromatographic peaks were identified as described
earlier (Gaspar et al., 1994a).

RESULTS

Microscopy of stained roots showed that no fungi
were present in uninoculated controls. Number of
entry points and vesicles reached maxima values be-
tween 90 and 120 d (FiG. 1).

Results illustrated in FiGgs. 2 A and B show a com-
paratively high lipid concentration in roots when col-
onized by G. versiforme, neutral lipids being the main
component. As seen in FiG. 2C, triacylglycerols were
found to be the principal components of neutral lip-
ids in mycorrhizal roots and they duplicated their
concentration each mo of colonization. Free acids
and free sterols were present in minor concentra-
tions, but increased continuously (results not shown).

Total phospholipids showed an increase in both
AMF-inoculated and uninoculated roots during the
first mo of colonization (FiG. 3); this increase is more
noticeable in the colonized roots between the first
and the fourth mo of development. The variation in
the total phospholipid fraction appeared to reflect an
increase in phosphatidylethanolamine and ro a lesser
extent in phosphatidylcholine.

Percent compositions of the main fatty acids of al-
falfa roots colonized with G. versiforme when com-
pared to the percent values of the fatty acids of con-
trol roots are illustrated in Fic. 4. Palmitoleic acid
(16:1) was the only fatty acid that increased signifi-
cantly in roots when colonized by the endophyte.
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F1G. 1. Mycorrhizal measurements in alfalfa roots inoc-
ulated with Glomus versiforme after 1, 2, 3 and 4 mo. A:
Percentage of root length colonization and number of en-
try points. B: Percentage of arbuscules and number of ves-
icles. Error bars = SD.

The quantitative analysis of lipids from external
mycelia isolated from alfalfa roots 30, 60, and 90 d
after colonization by G. versiforme presented a pro-
gressive increase in total lipids, this increment being
more evident in triacylglycerols than in phospholip-
ids (Fi1G. 5). In the first mo of G. versiforme coloni-
zation, the proportion of phosphatidylethanolamine
in external hyphae was higher than that of triacylgly-
cerols. Nevertheless, in the second mo of coloniza-
tion the amounts of triacylglycerols and phosphati-
dylethanolamine were similar. Then, in the third mo
of colonization, triacylglycerols were found to be the
principal lipid class in extramatrical mycelia.

DISCUSSION

The present study shows an increase in total alfalfa
root lipids which is parallel to the degree of G. ver
siforme colonization. This variation in total lipids is
the consequence of a significant increase in neutral
lipids, principally triacylglycerols. As control roots

1000—A
w
S| 8 750 -
2| &
T | o 500
ol €
28 250 -
= R (o A G im o a
O - ! T T 1
1 2 3 4
1000 A
B8 .
= | & 750 +
=18
m| =
-o’:'a OjSOO'
ol €
SIS 250 -
:_.F“
0
600 -
oL . c
[@]
o |38 450 -
(8
217, 300
> | O
|
£ 18 150 A
(o)l B ol
—
0 e e e o e o

Months after inoculation

Fi¢. 2. Quantirative variations in lipids of alfalfa roots
during the development of arbuscular mycorrhizal fungi.
Lipids extracted from alfalfa roots at different stages of G.
versiforme colonization, were identified and quantified by
TLC-FID. Uninoculated roots were analyzed parallelly as
control. A: Total lipids, B: Neutral lipids, C: Triacylglycerols.
(H- - -W) Inoculated plants.(O---0O) Uninoculated
plants. Average of three determinations = SD.

have not shown any increase in these lipid classes, it
appears that triacylglycerols are mainly supplied by
fungal hyphae. Thus, the triacylglycerol abundance,
specially in the third and fourth mo of G. versiforme
colonization, may be viewed as quantitative evidence
of microscopic observations made by Cox et al
(1974) and Bonfante-Fasolo (1984) about the pres-
ence of lipid droplets in mature hyphae and vesicles.
We have previously observed a scarce amount of tria-
cylglycerols at advanced stages of spore germination
(Gaspar et al., 1994b). This implies that the lipid sup-
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Fic. 3. Quantitative changes in total polar lipids and in
concentrations of phospholipid classes in alfalfa roots
during G. wversiforme development. A: Total polar lipids,
B: Phosphatidylcholine, C: Phosphatidylethanolamine.
(- --M) Inoculated plants.(O---0O) Uninoculated
plants. Average of three determinations * SD.

ply to the root from spores as root colonization starts,
would be negligible. In contrast, the continuous in-
crease in triacylglycerols suggests an active synthesis
of this lipid fraction when hyphae penetrate into the
host cell and begin morphogenetic modifications of
the whole root system. The low amount of triacylgly-
cerols during the first mo of G. versiforme coloniza-
tion may be attributed to the competition for pho-
tosynthate between both symbionts at early stages of
AMF colonization. This competition can produce
negative etfects on plant growth which, in general,
are temporary (Barea et al, 1984).
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Fic. 4. Percentages of main fatty acids of alfalfa roots at
different times of G. wversiforme colonization. Root lipids
from harvested plants were saponified; fatty acids were ex-
tracted and analyzed by G1.C as methyl esters. Palmiuc acid
(16:0). Palmitoleic acid (16:1). Stearic acid (18:0). Oleic
acid (18:1 n-9). Linoleic acid (18:2 n-6). B Mycorrhizal
plants. (] Control plants. Average of four determinations *
SD

Smith and Gianinazzi-Pearson (1988) studied the
possible determinants of an efficient symbiosis, and
concluded that mycorrhizal plants seem to be less ef-
ficient during the early stages of the AMF coloniza-
tion development. In contrast, they became more ef-
ficient at the advanced stages. One of these deter-
minants is the biochemical sensitivity of the plant
shown by a high photosynthetic rate. In turn, the
storage of polysaccharides in roots only occurs con-
comitant with this high photosynthetic rate. Bevege
et al. (1975) reported that radioactivity from '*C0,
can be found in these storage compounds if photo-
synthesis is very high during and after labeling. This
suggests that triacylglycerol accumulation in the
fourth mo G. wversiforme colonization would be not
only the consequence of a high photosynthetic rate
but also of a more efficient symbiosis during that pe-
riod than ar the beginning. Triacylglycerols should he
another factor in determining symbiotic efficiency

Phospholipids also increased their concentration
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Fic. 5. Changes in lipid classes from external mycelia
isolated from alfalfa roots colonized with G. versiforme after
1,2 and 3 mo. Average of three determinations. Bars = SD

in alfalfa roots during G. versiforme colonization, but
not so markedly as the neutral lipids. The fact that
phospholipids are major constituents of biological
membranes would suggest that their increment is the
result of the endophyte membrane synthesis. Free
sterols, another membrane constituent, increase con-
comitantly, reinforcing the previous assumption. Tak-
ing into account that phosphatidylethanolamine is
the most abundant phospholipid in G. versiforme
spores (Gaspar et al, 1994a), the amount of this lipid
class during AMF colonization would indicate active
development of internal mycelia and vesicles. Since
phosphatidylcholine was not detected in spores (Gas-
par et al., 1994a) or in external mycelia of G. versi-
Jforme (results in this work), it seems unlikely that the
fungi synthesize this phopholipid inside the root.
Rather, the increase of phosphatidylcholine suggests
fungal stimulation of synthesis by the root cells.

Palmitoleic acid seems to be a characteristic fatty
acid of G. versiforme. It was determined in spores
(Gaspar et al., 1994a) in which it reaches more than
50% of total fatty acids. In the present work similar
percentages were found in colonized alfalfa roots
while uninoculated plant roots only contained about
one-sixth of this amount. As palmitoleic acid predom-
inates in the triacylglycerol fraction, its content dur-
ing colonization by G wversiforme seems to be an in-
dicator of this lipid class accumulation.

During the development of the external mycelia,
total lipid content increases reflecting an increase in
triacylglycerol, phospholipid and free fatty acid levels.
This variation runs in parallel with the above men-
tioned increment of triacylglycerols during root col-
onization. Without discarding the possible transfer-
ence of these lipids from the internal to the external
mycelia, our results seem to indicate that biosynthesis
of lipids in extramatrical mycelia is important. Any-
way, the carbons for the biosynthesis of these lipids
by fungi would be provided by host metabolites. This
fact implies that the catabolism of hexoses (or other
compounds transferred) in the mycobiont would be
important not only for the production of energy and
reducing power, but also for providing carbon skel-
etons for their use in anabolism of triacylglycerols
and other lipids. The detection of very little labeled
sugars in external hyphae when plants photosynthe-
sized 1n the presence of “CO, allowed Bevege et al
(1975) to suppose that large quantities of the re-
maining labeled compounds would be hpids, hpo-
proteins, aminoacids and ketoacids. Our results in-
dicate that these lipids are triacylglycerols and in a
minor extent phospholipids and free acids. Future in
vutro studies of the external mycelia capacity to bio-
synthesize lipids are indeed necessary.
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