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Important morphogenetic transitions in fungi are
triggered by starvation-induced changes in the expres-
sion of structural surface proteins. Here, we report
that nutrient deprivation causes a strong and revers-
ible up-regulation of TbSP1, a surface-associated,
Ca2+-dependent phospholipase from the mycorrhizal
fungus Tuber borchii. TbSP1 is the ®rst phospholipase
A2 to be described in fungi and identi®es a novel class
of phospholipid-hydrolyzing enzymes. The TbSP1
phospholipase, which is synthesized initially as a pre-
protein, is processed ef®ciently and secreted during
the mycelial phase. The mature protein, however, also
localizes to the inner cell wall layer, close to the
plasma membrane, in both free-living and symbiosis-
engaged hyphae. It thus appears that a dual localiza-
tion phospholipase A2 is involved in the adaptation of
a symbiotic fungus to conditions of persistent nutri-
tional limitation. Moreover, the fact that TbSP1-
related sequences are present in Streptomyces and
Neurospora, and not in wholly sequenced non-®lamen-
tous microorganisms, points to a general role for
TbSP1 phospholipases A2 in the organization of multi-
cellular ®lamentous structures in bacteria and fungi.
Keywords: cell wall/mycorrhizal fungi/phospholipase
A2/secretion/starvation

Introduction

More than 5000 species of ascomycete and basidiomycete
fungi form symbiotic associations, called ectomycor-
rhizas, with the ®ne roots of most shrubs and trees found
in temperate and boreal forests (Molina et al., 1992). By
promoting nutrient exchange between the two partners,
mycorrhizas exert a positive in¯uence on plant survival
under a variety of unfavorable environmental conditions
(Read, 1999). Ectomycorrhizal fungi, however, are not
obligate symbionts, and some of them, including the
ascomycete truf¯e Tuber borchii studied in the present

work, can grow in pure mycelial culture by exploiting their
limited saprotrophic capabilities. The mycorrhizal transi-
tion is triggered by as yet largely unidenti®ed, environ-
mental and plant-generated signals that are sensed by the
free-living mycelium and transduced into a multifaceted
morphogenetic program (Martin and Tagu, 1999; Buscot
et al., 2000). Ectomycorrhiza formation is generally
considered as a very soft colonization process, not causing
any irreversible damage, nor any drastic defense response
in the host plant. However, various cytological and
biochemical evidence clearly points to the existence, at
least in early infection stages, of some basic functional
similarities between mycorrhiza formation and host inva-
sion by pathogenic fungi (Hebe et al., 1999; Martin and
Tagu, 1999).

As revealed by the fungal cell wall alterations that take
place during symbiosis development (Bonfante et al.,
1998), a central aspect of mycorrhiza formation is an
extensive remodeling of the surface and aggregation state
of the hyphae. Fungal molecular components that are
thought to be involved in such events (albeit not exclu-
sively associated with mycorrhiza development) have
been identi®ed recently by both large-scale (Voiblet et al.,
2001) and conventional gene search approaches. These
include a protein involved in vesicular transport and
autophagocytosis (Kim et al., 1999), a transporter for
monosaccharide movement from the plant to the myco-
biont (Nehls et al., 1998), hydrophobins (Tagu et al.,
1996) and the adhesin-like, symbiosis-regulated acidic
polypeptides (SRAPs) of Pisolithus tinctorius (Laurent
et al., 1999). The latter two are structural proteins that
have been found extracellularly as well as surface
associated in both free-living and symbiosis-engaged
hyphae. The mRNAs for both proteins are up-regulated
concomitantly with symbiosis formation, but the signals
triggering such a response are still largely unknown. As
revealed by the results obtained in some multicellular non-
mycorrhizal fungi, many important morphogenetic transi-
tions, such as aerial hyphae (Wosten et al., 1999) and
conidiophore (Lauter et al., 1992) formation, and the
development of invading appressoria in phytopathogenic
fungi (Talbot et al., 1993), similarly are accompanied by
the overexpression of secretable surface proteins. Many of
these responses, e.g. hydrophobin mRNA up-regulation in
the rice pathogen Magnaporthe grisea (Talbot et al., 1993)
and in the cellulolytic ®lamentous fungus Trichoderma
reesei (Nakari-Setala et al., 1997), can be mimicked
in vitro by growth under conditions of nutrient deprivation.
This link between nutritional status and surface protein
expression has been interpreted as a sort of adaptive
response, in which starvation for essential nutrients is
perceived by speci®c receptors and transduced into
morphogenetic changes aimed at inducing either a
metabolically quiescent state (e.g. conidia) or a state of
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improved nutrient acquisition (e.g. invasive hyphal struc-
tures) (Madhani and Fink, 1998; Lengeler et al., 2000). It
thus appears that nutritional factors, especially the condi-
tions of inorganic nitrogen shortage often found in the root
microenvironment of ectosymbiosis-susceptible plants
(Keeney, 1980; Read, 1991), may also trigger adaptive
changes in surface protein expression (as well as
morphogenetic transitions) in mycorrhizal fungi.

Here, we report on the isolation of a novel phospho-
lipase, named TbSP1, that is strongly and reversibly up-
regulated by nutrient deprivation and accumulates in the
inner cell wall layer of free-living mycelia, fruitbodies and
mycorrhizas of the symbiotic fungus T.borchii. TbSP1,
which is also released extracellularly and contains the
adhesin-like motif RGD, is reminiscent of similarly
localized phospholipid-hydrolyzing enzymes involved in
host invasion by pathogenic fungi (Nespoulous et al.,
1999; Ghannoum, 2000; Cox et al., 2001). However, at
variance with such enzymes, all of which are (lyso)phos-
pholipases B unable to discriminate between the sn-1 and
the sn-2 ester bond of glycerophospholipids, TbSP1 is
absolutely speci®c for the middle (sn-2) position and can
thus participate in both membrane remodeling and cell
signaling events. TbSP1 is the ®rst phospholipase A2

(PLA2) thus far described in fungi and identi®es a new
family of phospholipases that are only present in
®lamentous microbes. To the best of our knowledge, the
nutrient-regulated expression of a phospholipid-hydrolyz-
ing enzyme has never been reported before.

Results

Isolation of the cDNA for an abundant low
molecular weight protein extracellularly released
by suspension cultured T.borchii mycelia
We initially analyzed by SDS±PAGE the growth medium
of mycelia cultured for different lengths of time under
suspension culture conditions. As shown in Figure 1A
(lanes 1 and 2), many soluble polypeptides could be
detected even at relatively early stages of in vitro culture.
However, given the extremely slow growth rate of
T.borchii mycelia and the correspondingly long lag
phase (~15 days under standard culture conditions;
Saltarelli et al., 1998), it is possible that many of these
polypeptides are the remnants of surface proteins shed
from the starting inoculum rather than the products of de
novo synthesis. Indeed, the overall polypeptide pattern
changed strikingly after ~2 weeks of culture. We thus
focused on 3- to 5-week-old mycelial cultures and,
particularly, on a highly represented polypeptide with an
apparent molecular mass of 23 kDa (p23) that showed
maximal accumulation around day 28 (Figure 1A, lane 4).
This polypeptide was gel puri®ed, subjected to N-terminal
sequencing and the resulting sequence (p23/20; Figure 1A)
was employed for the design of degenerate oligonucleo-
tides that were utilized as primers for a PCR ampli®cation
programmed with a cDNA library prepared from 30-day-
old, liquid medium-grown mycelia (SLM-30). A single
DNA fragment of 54 bp, coding for a conceptual
translation product perfectly matching the inner 17
amino acids of the p23/20 peptide, was obtained from
such ampli®cation and used as a probe to screen the SLM-
30 library. A phage plaque harboring a cDNA insert of
899 bp was thus identi®ed. This cDNA, designated TbSP1
(submitted to the DDBJ/EMBL/GenBank databases under
accession No. AF162269), was utilized as a probe for
DNA and RNA gel blot analyses. As revealed by the DNA
gel blot data reported in Figure 1B, a single-band pattern
was produced by hybridization of the TbSP1 probe to
genomic DNA digested with three different restriction
enzymes, thus indicating that TbSP1 is encoded by a single
copy gene in the T.borchii genome. As shown in Figure 1C,
an mRNA of ~900 nucleotides was identi®ed by the TbSp1
probe in total RNA extracted from T.borchii mycelia. Such
a transcript is present in free-living mycelia grown in
either liquid (SLM) or solid (SSM) synthetic medium,
but accumulates at higher levels (~4-fold) in the latter
condition.

Features of the TbSP1 polypeptide
The full-length TbSP1 cDNA codes for a 211 amino acid
polypeptide comprising a sequence identical to that of the
previously determined p23/20 peptide between positions
32 and 51. This is preceded by an N-terminal stretch of 31
amino acids (underlined in Figure 2A) corresponding to
the main hydrophobic region revealed by hydropathy
analysis (not shown). The above observations, together
with the presence of a Lys±Arg, KEX2-like protease
cleavage site at the junction, suggest that the 31
N-terminal amino acids represent a secretion signal
sequence, which is proteolytically processed to produce
the mature TbSP1 protein found in the culture medium.
The TbSP1 polypeptide is largely hydrophilic with a

Fig. 1. TbSP1 identi®cation. (A) Equal amounts of SLM-released
protein were subjected to SDS±PAGE and stained with Coomassie
Blue R-250. Days of in vitro culture (d) and the migration positions
of molecular mass markers are indicated at the top and at the left,
respectively. The migration position (p23) and the N-terminal sequence
(p23/20) of the TbSP1 polypeptide are shown on the right. (B) Genomic
DNA digested with EcoRI (lane 1), BamHI (lane 2) or HindIII (lane 3)
was probed with the TbSP1 cDNA. The migration positions of DNA
size markers are indicated on the left. (C) Balanced amounts of total
RNA extracted from synthetic solid (SSM) or liquid (SLM) mycelial
cultures were gel fractionated and probed with the 32P-labeled TbSP1
cDNA. The migration positions and the amounts of the 28S and 18S
rRNAs, utilized as internal references, are shown on the right and in
the lower panel, respectively.
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theoretical pI of 5.0, and the difference between the
observed (23 kDa) and predicted (19 kDa) molecular mass
of the mature protein is likely to be due to anomalous gel
migration or post-translational modi®cation (see below).
Also, similarly to the adhesin-like SRAPs of P.tinctorius
(Laurent et al., 1999), TbSp1 contains an RGD cell
attachment motif (positions 60±62; boxed in Figure 2A).
Apart from this single feature, however, there is no other
similarity between TbSP1 and SRAPs.

Shown in Figure 2A is the alignment of TbSP1 with four
homologous amino acid sequences identi®ed by a search
of the non-redundant protein database and of the un®n-
ished whole genome sequence of Neurospora crassa.
TbSP1 relatives, all corresponding to small hypothetical
proteins (150±250 amino acids) with putative signal
sequences at the N-terminus, were identi®ed in
Streptomyces coelicor (AL360055 and AL035654) and
N.crassa (Neu_1.629 and Neu_1.351) and were used to
query the protein database. Interestingly, a low sequence
similarity with the conodipine-M PLA2 from the marine
snail Conus magus (McIntosh et al., 1995) was revealed by
the Streptomyces AL03564 sequence. Although only
marginally signi®cant (E = 7.1), this similarity mainly
pertains to amino acid residues that are conserved in all
TbSP1 relatives and, particularly, to a His±Asp pair within
the conserved block evidenced in Figure 2A. An additional
clue was provided by the identi®cation in the patent
section of DDBJ/EMBL/GenBank of an unpublished
sequence from Streptomyces violaceoruber having the
same nucleotide sequence as AL035654 and annotated as
PLA2 (E08479, Patent: JP 1994327468-A; not included in
the non-redundant set of the NCBI).

Small extracellular PLA2s are divided into eight groups
that share little sequence similarity except for the active
site region, i.e. a stretch of ~30 amino acids containing a
helix with the His±Asp catalytic dyad and a metal-binding
loop for the activating calcium cation (Gelb et al., 2000;
Six and Dennis, 2000). As shown in Figure 2B, the TbSP1
protein exhibits some of the distinctive features shared by
the different PLA2 groups. Two other conserved amino
acids, besides the HD dyad, are a pair of cysteine residues
known to form an invariant disul®de bond within the
active site region.

TbSP1 is a novel Ca2+-activated phospholipase A2

To verify the above prediction as to the function of TbSP1,
the T.borchii polypeptide lacking the putative signal
peptide was expressed in Escherichia coli as an
N-terminal fusion with a metal-binding His6 tag. The
resulting recombinant protein, initially identi®ed with the
use of a monoclonal anti-His tag antibody (not shown),
was puri®ed to near homogeneity (Figure 3A) and used for
the production of polyclonal anti-TbSP1 antibodies. As
shown by the immunoblot reported in Figure 3B, a single
polypeptide with an apparent molecular mass of 23 kDa
was recognized speci®cally by the anti-TbSP1 antibody in
the growth medium of T.borchii suspension cultures
(lane 1). The difference in size between natural (lane 1)
and recombinant (lane 2) TbSP1 is all accounted for by the
arti®cial 20 amino acid extension incorporated into the
His-tagged TbSP1 protein. This indicates that the pre-
viously mentioned discrepancy between the predicted
(19 kDa) and the estimated (23 kDa) molecular mass of

TbSP1 is most probably due to an asymmetric protein
conformation, and consequent anomalous gel migration,
rather than to post-translational modi®cation. Accord-
ingly, no glycoprotein±periodic acid±Schiff (PAS) stain-
ing was observed with natural TbSP1 (not shown).

Escherichia coli membranes labeled in vivo with
[3H]oleic acid (a phospholipid precursor that is incorpor-
ated preferentially at the sn-2 position) were utilized
initially as a substrate to test the predicted phospholipase
activity of TbSP1. As shown in Figure 3C and D, puri®ed
recombinant TbSP1 (rTbSP1) catalyzed the calcium-
dependent release of [3H]oleic acid from bacterial mem-
branes (half-activating Ca2+ concentration <1 mM) with
maximum activity at ~pH 6.5. Under optimized assay
conditions, 300 pmol of [3H]oleic acid/min/mg of protein
were released by TbSP1 and a similar (albeit ~20-fold
lower) fatty acid release was catalyzed by a commercial
PLA2 preparation from S.violaceoruber that was used as a
control for these experiments (not shown). As revealed by
the additional data reported in Figure 3E±H, the TbSP1
phospholipase is speci®c for the sn-2 ester bond position
and has very little (if any) lysophospholipase activity. In
fact, [1-14C]palmitic acid was the only product generated
by the action of rTbSP1 on 1,2-dipalmitoyl-phosphatidyl
choline carrying a 14C-labeled palmitoyl residue at the
sn-2 position (Figure 3E and F). Instead, radioactively
labeled palmitic acid and 1-palmitoyl lysophosphatidyl
choline both accumulated in parallel lipolytic assays
conducted on the double-labeled phospholipid 1,2-di[1-
14C]palmitoyl-phosphatidyl choline, containing radio-
labeled palmitoyl moieties at positions sn-1 and sn-2
(Figure 3G and H).

Localization of the TbSP1 phospholipase
To gain insight into TbSP1 localization, an immunoblot
analysis was conducted on various fractions generated by
aqueous washing and subcellular fractionation of mycelia
grown on solid medium. As shown in Figure 4A, a single
polypeptide having the same electrophoretic mobility as
extracellularly released TbSP1 (SLM; lane 7) was present
in mycelial washings (lanes 1 and 2), whereas no signal
could be detected in any of the fractions generated upon
disruption and subcellular fractionation of pre-washed
mycelia (lanes 3±6). This indicates that a portion of TbSP1
is loosely bound to the cell surface from which it can be
extracted by aqueous washing.

To investigate TbSP1 localization further, the full-
length TbSP1 protein, including the N-terminal hydro-
phobic peptide, was expressed in Saccharomyces cerevi-
siae under the control of a constitutive yeast promoter. As
shown in Figure 4B, a single immunopositive band having
the same gel mobility as the mature polypeptide released
by T.borchii mycelia (SLM; lane 5) was detected specif-
ically in the growth medium of yeast cells transformed
with a `sense' TbSP1 construct (lane 4). By comparison, a
doublet of immunopositive polypeptides, with the sizes
expected for the immature (pre-TbSP1) and the proteoly-
tically processed (TbSP1) forms of the protein, was found
in whole-cell extracts derived from the same `sense'
transformant (lane 2). These data, along with the initial
identi®cation of TbSP1 in the culture medium of T.borchii
mycelia, thus point to TbSP1 as a dual localization protein
that is both secreted extracellularly and surface associated.
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Nutrient-regulated expression of TbSP1
We next wished to ®nd out whether TbSP1 expression is
in¯uenced by nutrient starvation. That this may indeed be
the case initially was suggested by the results of RNase
protection assays, reported in Figure 5A, showing that
TbSP1 transcripts accumulate at higher levels upon culture
of T.borchii mycelia in SSM or SLM than in the
corresponding rich media (SM and LM). To examine
this nutrient-dependent up-regulation in more detail,
TbSP1 mRNA levels were determined in mycelia cultured
for 21 days in SSM and then shifted for 10 days to
incomplete culture media lacking a source of either
carbon, nitrogen or phosphate. Data reported in
Figure 5B show that the TbSP1 messenger was strikingly
up-regulated by growth in either carbon- (~80-fold; lane 5)
or nitrogen- (~130-fold; lane 8) de®cient media, whereas
basal TbSP1 levels, similar to those present in mock-
shifted controls (lane 2), were present in mycelia grown
for the same length of time in phosphate-de®cient medium

(lane 11). As further shown in Figure 5B (compare lanes 5
and 8 with lanes 6 and 9, respectively), this strong up-
regulatory response is fully reversible, since basal levels of
the TbSP1 transcript were recovered following an add-
itional 5 day incubation in complete SSM. Furthermore, as
revealed by the results of immunological analyses con-
ducted on nutrient-deprived mycelia, starvation-induced
up-regulation of the TbSP1 mRNA was accompanied by a
parallel increase in the levels of the mature TbSP1 protein
(Figure 6A), with a concomitantly increased accumulation
of TbSP1 on the surface of nutrient-starved hyphae
(cf. Figure 6B and C).

TbSP1 accumulation in the inner cell wall layer of
free-living and symbiosis-engaged hyphae
The surface localization of TbSP1 and its production
by hyphal structures representative of different stages
of the Tuber life cycle were investigated ®nally by
transmission electron microscopy (TEM)-immunolabel-

Fig. 2. Alignment of TbSP1 with related polypeptides and with the active site amino acid sequences of known phospholipases A2. (A) The TbSP1
polypeptide is aligned with the amino acid sequences of Neurospora crassa and Streptomyces coelicolor homologs. The predicted secretion signal
peptide is underlined and the pre-protein cleavage site is marked with an arrowhead; the tripeptide RGD motif is boxed. The region utilized for the
comparison with known PLA2s is indicated by an overlying dotted line. Amino acids that are identical in all or the majority of the sequences are
indicated by black or gray shading, respectively. Percentage identity values are reported in the bottom right part of the alignment. (B) The most
highly conserved portion of the TbSP1 polypeptide (positions 122±153) is aligned with the active site regions of various small secreted PLA2s. The
sequences of archetype PLA2s (Gelb et al., 2000; Six and Dennis, 2000) were utilized for this comparison. The indicated structural elements refer to
the X-ray structure of the cobra venom PLA2IA (Fremont et al., 1993): catalytic histidine (open triangle); Ca2+-binding residues (®lled circles);
disul®de-bonded cysteines (open circles).
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ing experiments. As shown in Figure 7, cell wall-
associated gold granules were detected in free-living
hyphae transversally sectioned close to the subapical
(Figure 7A) or the fully differentiated (Figure 7B)

area. An identical surface localization was revealed
by TEM-immunolabeling experiments conducted on
T.borchii fruitbodies, in which TbSP1-associated gold
granules were found in the cell walls of both

Fig. 3. Phospholipase A2 activity of puri®ed rTbSP1. (A) SDS±PAGE of total lysates from uninduced (lane 1) or IPTG-induced (lane 2) E.coli cells
and of puri®ed mature rTbSP1 (lane 3). (B) Immunodetection of natural (lane 1) and recombinant (lane 2) TbSP1; a control reaction using rTbSP1-
pre-saturated antibodies is shown in lane 3. The migration positions of molecular mass markers and of the recombinant TbSP1 protein (rTbSP1) are
indicated. (C) Calcium dependence of rTbSP1-catalyzed [3H]oleic acid release from radiolabeled bacterial membranes. (D) pH dependence of TbSP1
phospholipase activity. (E) Time course of rTbSP1-catalyzed hydrolysis of 1-palmitoyl-2-[1-14C]palmitoyl, L-a-phosphatidylcholine (1-P-2-[14C]P-PC;
open circles); radiolabeled hydrolysis products are indicated as follows: palmitic acid (PA; open triangles), 1-palmitoyl lysophosphatidylcholine (Lyso-
PC; open squares). (F) TLC fractionation and phosphorimager visualization of radiolabeled hydrolysis products from a representative lipolytic assay
conducted on 1-P-2-[14C]P-PC. The results of similar assays using double-labeled 1,2-di[1-14C]palmitoyl, L-a-phosphatidylcholine (1,2-di[14C]P-PC)
as a substrate are shown in (G) and (H); see Materials and methods for details. Data reported in (C), (D), (E) and (G) are the average of at least three
independent determinations which differed by no more than 15% of the mean.
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vegetative hyphae and asci as well as on sporal
envelopes (data not shown).

Tuber±hazelnut ectomycorrhizas with a fully developed
fungal sheath (mantle) and with hyphae spread among root
cells (Balestrini et al., 1996a) were analyzed next. As
revealed by the data reported in Figure 8, TbSP1 also
accumulates in symbiosis-engaged hyphae, where anti-
TbSP1 antibodies produced a strong immunogold labeling
along the cell walls of both root-surrounding (Figure 8B)
and extramatrical (Figure 8C) hyphae as well as in the cell
walls of hyphae penetrating between root cells to form the
Hartig net (Figure 8D). More speci®cally, gold granules
were found to be localized in transversal (septa) and
longitudinal walls, whereas no labeling occurred in the
electron-opaque layer separating mantle-forming hyphae.
Similarly, no immunogold labeling could be detected in
plant cell walls (Figure 8D), nor in control sections where
the primary anti-TbSP1 antibody was omitted (Figure 8E).

Tuber cell walls are made up of structurally distinct
microdomains and exhibit different morphologies and
layerings depending on the age and life cycle stage of the
fungus (Balestrini et al., 1996a). In young proliferating
hyphae, a thin and continuous electron-dense layer
delimits an inner, electron-transparent layer composed
mainly of chitin (Figure 7A), whereas mature hyphae
present an irregular external surface due to the presence of
a loose electron-opaque material coating the outer layer
(Figure 7B). Regardless of these differences, however,
TbSP1 labeling was always found to be restricted to the
chitin-containing inner cell wall layer, in close proximity
to the underlying plasma membrane. This peculiar cell
wall microdomain localization was observed in both free-
living mycelia and fruitbodies (Figure 7 and data not
shown) as well as in symbiosis-engaged hyphae (Figure 8).

Discussion

In fungi, nutrient starvation is a prime environmental cue
that through the overexpression of surface proteins leads to
changes in invasiveness, nutrient foraging or cell±cell
interaction capacity as well as to important morphogenetic
transitions (Madhani and Fink, 1998; Lengeler et al.,
2000). As demonstrated by the results of this work, a
striking up-regulation of a novel cell wall-associated and
extracellularly secreted PLA2 is elicited by nutrient
starvation in the mycorrhizal fungus T.borchii.

TbSP1 identi®es a novel family of
phospholipases A2

PLA2s are a broad class of enzymes de®ned by their ability
to hydrolyze the sn-2 ester bond of glycerophospholipids.
PLA2s utilizing a catalytic histidine residue typically are
extracellular enzymes of small size with a high disul®de
bond content and Ca2+ requirement, whereas those
utilizing a catalytic serine are usually larger intracellular
enzymes with no disul®de bonds and no Ca2+ requirement
for catalysis (Six and Dennis, 2000). Biochemical prop-
erties and sequence similarities with the active site region
of histidine PLA2s indicate that TbSP1 is a new small
extracellular PLA2. Moreover, the high similarity of
TbSP1 with paralogous coding sequences from
Streptomyces and Neurospora implies the existence of a
family of fungal/bacterial PLA2s. Since all the PLA2s
documented so far are from metazoans and plants, it is not
surprising that the TbSP1-PLA2 family displays some
unique sequence features that distinguish it from all of the
other PLA2 groups. The two major differences highlighted

Fig. 4. Immunoblot analysis of TbSP1 localization in Tuber mycelia
and in yeast. (A) Mycelial washings (W1 and W2) and particulate
fractions (F1, F2 and F3) generated by a series of differential
centrifugation steps carried out at increasing sedimentation velocities
were probed with the anti-TbSP1 antibody; fraction F4 is the ®nal
cytosolic supernatant (see Materials and methods for details). The
migration positions of molecular mass markers and of SLM-secreted
TbSP1 are indicated. (B) Immunodetection of cell-associated (lane 2)
and extracellularly secreted (lane 4) TbSP1 in yeast cells transformed
with a `sense' TbSP1 construct; the migration positions of the
unprocessed pre-protein (pre-TbSP1) and of the mature polypeptide
(TbSP1) are indicated on the left. The results of control experiments
conducted on a yeast `antisense' TbSP1 transformant are shown in
lanes 1 and 3; TbSP1 secreted by SLM-grown Tuber mycelia is shown
for comparison in lane 5.

Fig. 5. Nutrient-regulated expression of the TbSP1 mRNA. (A) RNase
protection analysis of TbSP1 mRNA levels in mycelia grown for
35 days on rich solid (SM) or liquid (LM) medium, or in the
corresponding synthetic media (SSM and SLM). (B) RNase protection
assays conducted on mycelia grown for 21 days on SSM (lanes 1, 4, 7
and 10) and then shifted for 10 days to the same medium (mock-shift
control; lane 2) or to SSM lacking either glucose (±G, lane 5),
ammonium (±N, lane 8) or phosphate (±P, lane 11). TbSP1 mRNA
levels in parallel mycelial cultures starved for the above nutrients and
returned for 5 days to complete SSM are shown in lanes 6, 9 and 12,
respectively; the corresponding mock-shift control is shown in lane 3.
A T.borchii b-tubulin (b-Tub) antisense riboprobe was included in all
assays as an internal standard. The bands shown, which correspond to
full-length protection products of the TbSP1 and b-Tub riboprobes were
visualized by autoradiography and quanti®ed by phosphorimaging.
Relative transcript abundance values (reported below each lane) were
calculated by dividing the volumes of the TbSP1 signals by the
volumes of the corresponding b-Tub signals, followed by normalization
with respect to TbSP1 abundance in SLM (A) or SSM (B; lane 1)
cultured mycelia.
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by the alignment reported in Figure 2B are: (i) the
substitution of the ®rst and the last cysteine in the catalytic
site consensus sequence CCXXHDC with serine/alanine
and glycine residues, respectively; and (ii) the lack of three
partially conserved Ca2+-coordinating residues (the fourth
being the aspartate adjacent to the catalytic histidine)
within the Ca2+-binding loop that always precedes the HD
segment, where the only shared feature is a cysteine
residue involved in a universally conserved disul®de bond.
More speci®cally, we ®nd that two conserved glycines
belonging to the consensus segment X1CG1XG2 and
involved in metal binding are replaced by other small
amino acids (S,T,V,A) in the TbSP1-PLA2 and in its
relatives. Since the substitution of the G1 residue with a
serine is known to cause a 10- to 20-fold reduction in
catalytic activity (Bekkers et al., 1991), it is unlikely that
the structural context of the Ca2+ coordination site of
TbSP1 is the same as that of the other PLA2 groups. It is
interesting to note, in this regard, the presence in the Ca2+-
binding region of TbSP1-PLA2s of three conserved
aspartate residues (Figure 2). Because aspartate is a
metal-coordinating amino acid that recurs in many
calcium-binding motifs (e.g. EF-hands and EGF-like
domains), it is conceivable to hypothesize a role for
these residues in metal coordination. Also, amino acid
sequence differences in the Ca2+-binding region may
explain the much lower half-activating calcium ion
concentration of TbSP1 as compared with that of other
histidine PLA2s. The sole exception is the conodipine-M
PLA2, which also has a non-canonical metal-binding site

and a micromolar Ca2+ requirement (McIntosh et al.,
1995). Another remarkable difference between TbSP1 and
the other PLA2s is the number of disul®de bonds, which
ranges from ®ve to eight in the various PLA2 groups as
opposed to only two disul®des in the case of TbSP1. One
of them is probably formed by residues C128 and C144 in
the active site region, whereas the other involves residues
C180 and C194, which are conserved in the alignment of
TbSP1 homologs, but not in other PLA2 groups (not
shown).

It thus seems that TbSP1 and its homologs constitute a
new family of small secreted PLA2s that is de®ned by
organism source, active site sequence similarity and
cysteine residue conservation. Following the current
PLA2 classi®cation (Six and Dennis, 2000) and the recent
identi®cation of group XII PLA2s (Gelb et al., 2000), we
propose to name it fungal/bacterial group XIII PLA2. A
remarkable feature of this family is its peculiar distribution
among fungi and bacteria. In fact, even though the
complete genomes of many bacteria and of the yeast
S.cerevisiae are available, this family appears to be
represented only in ®lamentous fungi and in the Actino-
mycetales (Streptomyces spp.), bacteria that resemble
fungi in their branching ®lamentous structure. It is likely
that other group XIII PLA2s will soon be identi®ed, since
present members of this group have been found in
organisms that have only partial genome coverage, and

Fig. 6. Enhanced accumulation of the TbSP1 protein in nutrient-starved
mycelia. (A) Immunoblot analysis of TbSP1 levels in mycelia grown
for a total of 31 days in SSM (control; lane 1) and in parallel mycelial
cultures shifted for the last 10 days to SSM lacking glucose (±G, lane 2)
or ammonium (±N, lane 3). Equal amounts of total protein were loaded
onto each lane and probed with the anti-TbSP1 antibody; an
immunopositive TbSP1 band was also detectable in control mycelia
with a longer exposure time. Samples of the same control (B) and
nitrogen-starved (C) mycelia used for the experiment reported in (A)
were subjected to immuno¯uorescence analysis using an FITC-labeled
secondary antibody (bars = 18 mm); a control section of hyphae (h)
from which the primary anti-TbSP1 antibody was omitted is shown in
(D) (bar = 9 mm).

Fig. 7. Immunogold TbSP1 labeling of free-living hyphae.
(A) Immunogold-TEM localization of TbSP1 in 30-day-old, SM-grown
hyphae (h) transversally cut close to the subapical zone. (B) TbSP1
localization in the fully differentiated area of the same mycelium; the
electron-dense material coating the external surface of the hyphae (h) is
marked with an asterisk. Arrows point to TbSP1-associated gold
granules accumulated in the electron-transparent, inner cell wall layer;
bars = 0.3 mm.
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because neither of the two Neurospora homologs appears
to be orthologously related to TbSP1 (see the identity
values reported in Figure 2A). Furthermore, the most
conserved portion of the TbSP1-PLA2 sequence was found
as part of a much larger polypeptide (704 amino acids) of
unknown function encoded by the Streptomyces clavu-
ligerus Rhsa gene (Alexander and Jensen, 1998), thus
suggesting that fungal/bacterial group XIII domains can
also be used as catalytic modules in multidomain proteins.

Dual localization of the TbSP1 phospholipase
In keeping with the notion that ®lamentous fungi are
highly ef®cient secretory machines (Wessels, 1999), no
immature TbSP1 pre-protein was found in T.borchii
mycelia, not even under conditions of persistent starvation
that caused a massive increase in TbSP1 accumulation.
Intracellularly entrapped, immature pre-TbSP1 was only
detected as a consequence of heterologous expression in
yeast cells, which nevertheless properly recognized the
TbSP1 secretion signal and released sizeable amounts of
the processed Tuber protein into the growth medium. The
partitioning of TbSP1 between the cell surface and the
extracellular space is reminiscent of the dual localization

of other fungal proteins, such as various hydrophobins and
adhesins (Martin et al., 1999; McCabe and Van Alfen,
1999; Wessels, 1999) as well as hydrolytic enzymes,
including phospholipases B (Chaf®n et al., 1998). Some of
these proteins are associated only transiently with the cell
wall during translocation to the extracellular environment.
In other cases, such as that of the WI-1 adhesin of
Blastomyces dermatitidis, ®nal cell wall destination is
achieved by initial release into the extracellular space,
followed by reabsorption and stable cell wall association
through interaction with exposed chitin ®brils (Brandhorst
and Klein, 2000). Similarly to the WI-1 adhesin, TbSP1 is
a largely hydrophilic protein that localizes speci®cally to a
chitin-rich cell wall region from which it can be extracted
simply by aqueous washing. At variance with the
Blastomyces situation, however, chitin is present mainly
in the inner layer of the Tuber cell wall, thus making any
surface localization mechanism relying on extracellular
release and chitin-mediated reattachment quite unlikely. A
more viable alternative, supported by the extremely
uniform inner cell wall layer localization of TbSP1 and
by the fairly large amounts of TbSP1 extracellularly
released by yeast cells, which are known to have a

Fig. 8. Immunogold localization of TbSP1 in ectomycorrhizas. (A) Light microscopy, cross-sectional view of a Tuber±hazelnut ectomycorrhiza.
Arrowheads indicate the Hartig net penetrating between root cells. The epidermis (e), the cortex (c) and the central cylinder (cc) of the root as well the
fungal sheath (mantle, m) are also indicated; bar = 15 mm. (B) Immunogold TEM analysis of mantle-forming hyphae (m) labeled with the anti-TbSP1
antibody. The immunonegative, electron-opaque material separating the hyphae is marked with an asterisk; n, nucleus. Arrows point to TbSP1-
associated gold granules accumulated in the chitin-containing, inner cell wall layer (bar = 1.3 mm). Gold granules in the inner cell wall layers of a
growing extramatrical hypha (h) and of hyphae progressing between root cells in the Hartig net region are shown in (C) and (D) (bars = 0.4 mm). Also
apparent in (D) is the absence of immunopositive material in the host cell walls (w). A control section from which the primary anti-TbSP1 antibody
was omitted is shown in (E) (bar = 0.5 mm).
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relatively chitin-poor inner layer (Smits et al., 1999), is
that TbSP1 binds to chitin ®bers as it is secreted, and that
shedding from, or saturation of, such chitin-binding sites
results in the release of the protein into the extracellular
space. Also consistent with its partially extracellular
localization is the presence in TbSP1 of the tripeptide
RGD, a motif mediating the interaction of extracellular
proteins with surface-associated integrin-like receptors
that have been described in both fungi and plants
(Hostetter, 2000). This motif is located in an extra segment
of ~40 amino acids (Figure 2A) that is predicted to be
composed mainly of loops and distinguishes TbSP1 from
other group XIII PLA2s. Interestingly, among the few
RGD-containing proteins thus far identi®ed in fungi, there
are the SRAPS of P.tinctorius, which accumulate on the
surface of both free-living and symbiosis-engaged hyphae
and may be involved in ectomycorrhiza formation
(Laurent et al., 1999). Also noteworthy, in this regard, is
that the only precedent for an RGD-containing phospho-
lipase is a sea snake venom (Hydrophis cyanocinctus)
PLA2, in which the RGD motif is thought to mediate
interaction with platelet surface receptors, thereby inhibit-
ing platelet aggregation (Ali et al., 1999).

Starvation-induced up-regulation of TbSP1 and its
possible signi®cance
The remaining part of our work was aimed at verifying the
existence in T.borchii of control mechanisms modulating
the expression of TbSP1 in response to nutrient availabil-
ity. We found that a strong and reversible up-regulation of
the TbSP1 mRNA does indeed take place in response to
carbon or nitrogen deprivation and results in a massive
surface accumulation of the TbSP1 phospholipase.
Nitrogen starvation was the most effective stimulus.
Instead, no appreciable effect was elicited by phosphate
deprivation, thus arguing that TbSP1 up-regulation genu-
inely re¯ects adaptation to the shortage of speci®c
nutrients, rather than an indirect and non-speci®c conse-
quence of a generalized growth perturbation. The para-
digm of this kind of response is the induction of
pseudohyphal growth in nitrogen-starved S.cerevisiae
cells (Madhani and Fink, 1998). Similar nutrient-respon-
sive transduction pathways, however, have been delin-
eated in a variety of other unicellular and multicellular
fungi (Lengeler et al., 2000), including the plant pathogen
M.grisea, where nitrogen starvation up-regulates the
expression of the MPG1 hydrophobin mRNA and of
other mRNAs coding for as yet uncharacterized surface
proteins involved in appressorium formation and disease
symptom outbreak (Talbot et al., 1993, 1997). Given this
high degree of functional conservation, it is likely that
similar regulatory networks also operate in underground
symbiotic fungi such as Tuber, which live in environments
where the nitrogen supply is often limiting and the poorly
mobile ammonium ion predominates as an inorganic
nitrogen source (Keeney, 1980; Read, 1991). Other
questions raised by this ®nding regard the generality of
occurrence of TbSP1-like enzymes in other organisms and
the possible adaptive signi®cance of starvation-induced
phospholipase up-regulation. The identi®cation of TbSP1
homologs in distantly related, but all ®lamentous micro-
organisms, argues in favor of a rather widespread occur-
rence and clearly points to the existence of some speci®c

functional link between group XIII PLA2s and the
formation of mycelia through hyphal branching and
extension. Based on the constitutive expression of
TbSP1 in nutrient-suf®cient free-living mycelia as well
as in mycorrhizal hyphae, on its close plasma membrane
proximity and on available data for related enzymes from
other organisms (Six and Dennis, 2000), it is conceivable
that TbSP1, in its basal function, may be involved in cell
surface remodeling, either directly via phospholipid
hydrolysis, or through the inhibition of enzymes [e.g.
(1,3)-b-glucan synthase] involved in the synthesis of cell
wall polysaccharides (Ko et al., 1994). Two additional
possibilities can be envisaged, however. The ®rst rests on
the ability of TbSP1 to be released extracellularly and on
the well-documented action of fungal pathogen phospho-
lipases B as virulence factors promoting membrane
disruption and cell invasion in both animal and plant
hosts with the concomitant liberation of fatty acids
(Nespoulous et al., 1999; Ghannoum, 2000; Cox et al.,
2001). In the context of starvation-induced TbSP1 accu-
mulation, one can thus imagine that free fatty acids, either
endogenously generated or derived from closely associ-
ated soil microorganisms, may be oxidized and utilized by
the fungus as gluconeogenic substrates through the
glyoxylate shunt pathway. In support of this view, there
is the recently discovered up-regulation of various mRNAs
encoding glyoxylate cycle enzymes in nutritionally
stressed, macrophage-phagocytosed Candida albicans
and S.cerevisiae cells (Lorenz and Fink, 2001), as well
as our observation that TbSP1 and the mRNA for the
glyoxylate cycle enzyme isocitrate lyase (I.Lacourt and
P.Bonfante, unpublished) both accumulate in mature
T.borchii fruitbodies, where sugar metabolism is known
to be depressed (Saltarelli et al., 1998). The other
possibility bears upon the symbiotic capacity of Tuber
and on the accumulation of TbSP1 in mycorrhizal hyphae,
where the TbSP1 phospholipase may be involved in
membrane remodeling or signaling events during early
stages of plant colonization. Both actions are consistent
with TbSP1-catalyzed phospholipid hydrolysis at the sn-2
position (often containing long chain unsaturated acyl
groups) with the concomitant release of potentially
bioactive 1-acyl lysophospholipid and unsaturated free
fatty acid. Particularly interesting, in this regard, is the
recently documented ability of the pathogenic yeasts
Cryptococcus neoformans and C.albicans to convert
exogenously supplied as well as endogenously produced
arachidonic acid into bioactive prostaglandins, which
strongly enhance both cell viability and ®lamentation
capacity (Noverr et al., 2001).

Despite the many limitations presently imposed by the
lack of genetic transformation in the Tuber system and by
the dif®culties of in vitro mycorrhization, future studies
taking advantage of the molecular reagents reported here
will allow better de®nition of the involvement of TbSP1
and related phospholipases in mycelium formation and in
the adaptation to nutrient-limited growth conditions.

Materials and methods

Biological materials
Tuber borchii Vittad. mycelia (isolate ATCC 95640) were grown in the
dark at 23°C. The modi®ed Melin±Norkrans synthetic medium (referred
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to as SLM) or potato±dextrose broth (LM) were employed as liquid
nutrient solutions, while synthetic dextrose±agar (SSM) or potato
dextrose±agar (SM) (Marx, 1969) were utilized for solid medium
cultures, which usually were conducted on semipermeable cellophane
membranes (Bio-Rad). For nutrient deprivation experiments, mycelia
were ®rst cultured for 21 days on complete SSM, with one transfer to
fresh SSM after 14 days, and subsequently shifted for 10 days to the same
medium (mock-shift control), or to culture media in which either glucose
was omitted (carbon starvation), (NH4)2HPO4 was replaced by K2HPO4

(nitrogen starvation), or (NH4)2HPO4 and KH2PO4 were replaced by the
corresponding chloride salts (phosphate starvation). Hazelnut (Corylus
avellana) seedlings grown in sterilized natural truf¯e soil (20±25°C;
70±90% humidity) were utilized for the production of mycorrhizas, which
were obtained in 6±8 months after inoculation with a sporal suspension
from T.borchii ascomata collected from natural truf¯e grounds in
Piedmont, Italy (Balestrini et al., 1996a).

Gel electrophoretic and microsequence analysis
Balanced amounts of mycelium-conditioned SLM (®ltered on 0.8 mm
membranes and concentrated ~1000-fold by ultra®ltration) were
fractionated by gel electrophoresis on 12% polyacrylamide±SDS gels
(Laemmli, 1970). Following electrophoresis and Coomassie Blue R-250
staining, the gel was electroblotted onto Immobilon-PSQ (Millipore) and
the membrane area containing the 23 kDa TbSP1 protein was cut out and
subjected to N-terminal amino acid sequence analysis using a blot
cartridge device and a Procise 494A protein sequencer (Applied
Biosystems).

cDNA isolation and sequence analysis
Two degenerate oligonucleotides (5¢-AYGCIGARGTIATIGCIGAR-
CARAC-3¢ and 5¢-TYTGIGTRTTRAARTCIGGNACRTC-3¢) deduced
from the sequence of the back-translated p23/20 peptide were used as
PCR primers to amplify the corresponding region of the TbSP1 cDNA
from an SLM-30, T.borchii mycelium library constructed in the phage
vector Uni-Zap XR (a gift of B.Lazzari and A.Viotti, Istituto Biosintesi
Vegetali, CNR, Milano). The supernatant of a phage suspension (~107

phage particles) was used as a template for such reactions. The resulting
DNA fragment (54 bp) was gel eluted, cloned into the pGEM-T Easy
vector (Promega) and utilized as a probe for plaque hybridization analysis
of the SLM-30 library (Sambrook and Russell, 2001). Phage DNA
extracted from hybridization-positive plaques was then employed as a
template for an additional PCR ampli®cation, using a sequence-speci®c
upstream primer (5¢-GCGGAGCAGACCGGTGACGT-3¢) and a univer-
sal (M13-40) downstream primer. The product of this reaction (800 bp)
was cloned into the pGEM-T Easy vector, sequence veri®ed and used for
a second hybridization screening conducted on the positive plaques
obtained from the previous hybridization. A full-length cDNA of 899 bp
was thus identi®ed, cloned into the pGEM-T Easy vector (pGEM-TbSP1)
and sequenced on both strands. Protein sequence motifs were searched
with the Motif program (GenomeNet WWW server). Sequence similarity
searches were conducted with BLAST using the non-redundant and the
patent databases at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov) and the Neurospora database at MIPS
(http://mips.gsf.de/proj/neurospora/). Predicted sequences of N.crassa
polypeptides were inferred from the BLAST search and re®ned using
Genewise (Birney and Durbin, 2000). TbSP1 homologs from Neurospora
were designated with the number of the corresponding contig. Sequence
alignments were performed with ClustalW (Thompson et al., 1994) and
manually edited with GeneDoc (http://www.psc.edu/biomed/genedoc/).
Secondary structure predictions were made with the PredictProtein server
(http://www.embl-heidelberg.de/predictprotein/predictprotein.html).

DNA and RNA analyses
Genomic DNA samples for gel blot analysis (4 mg each) were digested
with EcoRI, BamHI and HindIII, followed by electrophoresis on a 0.8%
agarose gel. A random priming labeling kit (Amersham Pharmacia
Biotech) was used for 32P labeling of the TbSP1 hybridization probe;
blotting onto Hybond-N (Amersham Pharmacia Biotech), pre-hybridiza-
tion, hybridization and washing were conducted according to the
manufacturer's instructions. Total RNA for RNase protection and RNA
gel blot analyses was isolated and quanti®ed as described previously
(Balestrini et al., 2000). A 32P-labeled antisense riboprobe (430
nucleotides) for RNase protection assays was prepared by in vitro SP6
RNA polymerase transcription of KpnI-digested pGEM-TbSP1.
Saturating amounts of a 259 nucleotide, T.borchii b-tubulin riboprobe
(E.Soragni and S.Ottonello, unpublished) were added to all reactions and
used as an internal standard. Hybridization (5 mg of total RNA per assay),

RNase A/T1 digestion and fractionation on denaturing polyacrylamide
gels were carried out as described (Balestrini et al., 2000). Protected
fragments were visualized by autoradiography and quanti®ed with a
Personal Imager FX using the Multi-Analyst/PC software (Bio-Rad).
Total RNA and the 32P-labeled cDNA probe described above were also
employed for RNA gel blot analysis: RNA samples (20 mg each) were
heat denatured, electrophoresed on formaldehyde±agarose gels and
transferred to Hybond-N membranes, which were processed and washed
under high stringency conditions following the manufacturer's instruc-
tions. The amount of RNA loaded onto each lane was quanti®ed by UV
absorbance and by densitometric analysis of ethidium bromide-stained
rRNA bands.

Heterologous expression and puri®cation of the TbSP1
protein
The mature TbSP1 coding region was PCR ampli®ed (25 cycles) using
pGEM-TbSP1 as a template (20 ng), a high ®delity DNA polymerase
(VentR; New England Biolabs), a sequence-speci®c NdeI-tailed upstream
primer (5¢-ACCATATGGGAAACGCTGAGGTTATTGC-3¢) and the
M13 forward universal primer. The restriction fragment obtained from
NdeI±XhoI digestion of the resulting PCR product was ligated into the
pET-28b expression vector as an in-frame fusion with a vector-encoded
His6 tag sequence (pET-TbSP1) and electroporated into BL21(DE3) cells
(Novagen). Protein expression was induced by adding 1 mM isopropyl-b-
D-thiogalactopyranoside (IPTG) and allowed to proceed for 4 h at 30°C.
After cell lysis, mature rTbSP1 bearing the N-terminal His6 tag was
bound to a metal af®nity resin (Talon; Clontech) and puri®ed following
the manufacturer's instructions. Protein concentration was determined
with the Coomassie dye method (Bio-Rad) or by UV absorbance using an
estimated A280 molar extinction coef®cient of 26 270. The composition
and purity of protein fractions were assessed by gel electrophoresis on
12% polyacrylamide±SDS gels (Laemmli, 1970). Dithio-bis(2-nitroben-
zoic acid) (1 mM ®nal concentration) was utilized for sulfhydryl group
determination. Monoclonal anti-His tag antibodies (Amersham
Pharmacia Biotech) were utilized for the initial identi®cation of
rTbSP1. Rabbit polyclonal anti-TbSP1 antibodies, raised in two
independent immunization cycles, were af®nity puri®ed on rTbSP1-
derivatized Sepharose-4B (Harlow and Lane, 1988).

For yeast expression assays, the full-length pre-TbSP1 cDNA was
excised from the pGEM-TbSP1 plasmid by NotI digestion and subcloned
into the yeast expression vector pFL61. `Sense' or `antisense' pFL61-
TbSP1 constructs, identi®ed by restriction analysis, were transformed into
chemically competent W303 S.cerevisiae cells. Yeast cells were grown in
SD medium lacking uracil and, after centrifugation at 1500 g for 10 min,
the cell pellet and the growth medium (®ltered on 0.8 mm membranes and
concentrated ~200-fold by ultra®ltration) were subjected to SDS±PAGE
and immunoblot analysis (see below).

Phospholipase activity assays
Phospholipase activity was measured by quantifying [3H]oleic acid
release from in vivo labeled E.coli membranes (Franson et al., 1974;
Ancian et al., 1995). Enzyme assays were conducted routinely at 30°C for
30 min in 100 ml reaction mixtures containing 140 mM NaCl, 0.5 mM
CaCl2, 0.1% (w/v) bovine serum albumin (BSA), 20 mM HEPES±KOH
pH 6.5, 2 3 105 d.p.m. of membrane-incorporated [9,10(n)-3H]oleic acid
(7.5 Ci/mmol; Amersham Pharmacia Biotech) and 1 mg of puri®ed
rTbSP1. Streptomyces violaceoruber PLA2 (10 mg; Sigma) was used as a
control. Assays conducted in the absence of Ca2+ (plus 2 mM EDTA) or in
the presence of increasing concentrations of CaCl2 (0.001±50 mM) were
used to determine the calcium dependence of the TbSP1 phospholipase.
The pH optimum for activity was determined using 20 mM sodium
acetate buffer for pH values ranging from 4.3 to 6.5, and 20 mM
HEPES±KOH from pH 7.0 to 8.8. To determine positional speci®city,
experiments were conducted under the above-described reaction con-
ditions using unlabeled dipalmitoyl, L-a-phosphatidylcholine (Sigma,
40 mM) plus either 1-palmitoyl-2-[1-14C]palmitoyl, L-a-phosphatidyl-
choline (2 3 105 d.p.m.) or 1,2-di[1-14C]palmitoyl, L-a-phosphatidyl-
choline (4 3 105 d.p.m.) (Amersham Pharmacia Biotech) as substrates.
Reaction mixtures, containing 50 mg of rTbSP1 and 1.5 mM Triton X-100
in a ®nal volume of 150 ml, were extracted as described (McIntosh et al.,
1995). After TLC fractionation (Merkel et al., 1999), reaction products
were visualized and quanti®ed by phosphorimaging. Non-linear regres-
sion analysis of the data was performed with SigmaPlot (Jandel).

Mycelium extraction, fractionation and immunoblot analysis
After two washings with 5 vols of SLM (W1 and W2), mycelia were
frozen and ground in liquid nitrogen, resuspended in 10 vols of a solution
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containing 1 mM EDTA, 2 mM phenylmethylsulfonyl ¯uoride (PMSF),
20 mM Na-phosphate buffer pH 7.5, and subjected to a series of
differential centrifugation steps (30 min each) carried out at 1500 g
(fraction F1), 12 000 g (fraction F2) and 100 000 g (fraction F3, plus the
®nal cytosolic supernatant, F4). Following electrophoresis, balanced
amounts of each fraction were electrotransferred to Hybond-ECL
(Amersham Pharmacia Biotech) and analyzed with standard procedures
using horseradish peroxidase-conjugated anti-rabbit immunoglobulin
antibodies and enhanced chemiluminescence reagents (Pierce) according
to the manufacturer's instructions. Parallel reactions with no primary
antibody or with rTbSP1-saturated primary antibodies were used as
speci®city controls.

Immuno¯uorescence and immunogold microscopic analyses
For immuno¯uorescence experiments, hyphae obtained from nutrient-
suf®cient or starved mycelia were incubated overnight at 4°C in the
absence (speci®city control) or presence (test sample) of the anti-TbSP1
antibody. Hyphae were then washed three times with phosphate buffer,
saturated with 1% BSA in phosphate buffer and further incubated in the
dark (2 h) with a ¯uorescein isothiocyanate (FITC)-conjugated, goat anti-
rabbit IgG antibody (Sigma). Samples were then washed as before,
mounted and visualized at 494 nm with a confocal scanning microscope
(Optiphot-2 View Scan DVC-250, Nikon). Mycelia, fruitbodies and
mycorrhizas were prepared for TEM analysis by overnight ®xation at 4°C
in 2.5% (v/v) glutaraldehyde dissolved in 10 mM sodium phosphate
buffer pH 7.2. After washing with the same buffer, followed by osmium
tetroxide (1% w/v) post-®xation, ethanol dehydration and ethanol/LR
White (Sigma) in®ltration, samples were embedded in LR White resin.
Immunogold labeling was performed on thin sections (Balestrini et al.,
1996b) and visualized with a Philips CM10 transmission electron
microscope. Samples from which the primary antibody was omitted
were used as labeling speci®city controls. Semi-thin sections (1 mm)
stained with 1% toluidine blue were used for light microscopy analysis.
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