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The internal transcribed spacer (ITS) of the gene coding for rRNA was sequenced in both directions with the
gene walking technique in a black morel (Morchella conica) and a yellow morel (M. esculenta) to elucidate the
ITS length discrepancy between the two species groups (750-bp ITS in black morels and 1,150-bp ITS in yellow

morels).

In members of the family Morchellaceae, isozymes (10, 16,
19, 25, 27) and the gene coding for the 28S rRNA (rDNA) (4,
5) sometimes exhibit higher intraspecific than interspecific
variations, illustrating the difficulty of systematics and the spe-
cies concept in the family (2, 3, 9, 15). Recently, Buscot et al.
(6) showed that polymorphism of the internal transcribed
spacer (ITS) of rDNA is more adequate to improve morel
systematics. Both species groups recognized in all classifica-
tions, i.e., black (sectio distantes) (14, 21) and yellow (sectio
adnatae) morels, exhibited respective ITS lengths of 740 to 750
and 1,150 to 1,220 bp (6). Furthermore, slight length variations
and different restriction profiles allowed the identification of
several species within each group (26). In the present work, the
whole ITS region of a black morel (Morchella conica) and a
yellow morel (M. esculenta) was sequenced to identify the
origin of the ITS length difference between the two species
groups.

The analyses were performed on monosporal isolates of M.
esculenta and M. conica, which are deposited under the acces-
sion numbers DSM 10374 and DSM 10464 in the German
Collection of Microorganisms and Cell Cultures (Braun-
schweig, Germany). The strain cultivation, DNA extraction,
and ITS PCR methods used were similar to those described by
Buscot et al. (6); the ITS1 and ITS4 primers were used to
amplify the ITS region plus a small portion each of the 3’ end
of the 17S rDNA and the 5’ end of the 25S rDNA (24). The
amplified DNAs were purified with microspin columns (Phar-
macia) and sequenced in both directions by Genome Express
(Grenoble, France). The sequencing reaction was performed
by PCR amplification in a final volume of 20 ml using 100 ng
of PCR products, 5 pmol of primers, and 9.5 ml of premixed
Dye Terminators in accordance with the Applied Biosystems
protocol. After heating to 94°C for 2 min, the reaction mixture
was subjected to 25 cycles of 30s at 94°C, 30s at 55°C, and 4 min
at 60°C (9600 thermal cycler; Perkin Elmer). Removal of any
excess of Dye Terminators was performed with Quick Spin
columns (Boehringer Mannheim). The samples were dried in a
vacuum centrifuge and dissolved with 4 ml of deionized form-
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amide-EDTA (5/1 ratio) at pH 8.0. The samples were loaded
onto an Applied Biosystems 373A sequencer and run for 12 h
on a 6% denaturing acrylamide gel. Sequence data were
stored, assembled, and analyzed with the biosequence editor
and analysis application SeqApp version 1.9 (12) on an Apple
Macintosh II SI computer. Multiple alignment of sequences
was performed with the Clustal V package (13) interfaced to
SeqApp. Nucleotide sequence comparisons were also per-
formed at the National Center for Biotechnology Information
by using the Basic Local Alignment Search Tool network ser-
vice (1) against the National Center for Biotechnology Infor-
mation databases (Non-redundant PDB, GBupdate, GenBank,
EMBLupdate, and EMBL; 1 March 1996). The whole proce-
dure (cultivation, DNA extraction, ITS amplification, and se-
quencing) was performed twice for both species.

All amplification products were unique fragments with re-
spective lengths of 1,133 (M. esculenta) and 710 (M. conica)
bases that were identical in all replicates. In both fungi, one
sequence extremity was similar to the 3’ end of the ITS4
primer over 16 bases (total length of the primer, 20 bases). For
M. esculenta, the other sequence extremity was highly comple-
mentary (18 of 19 bases) to the ITS1 primer; the base inversion
was obviously due to a sequencing error. In the M. conica
sequence, the ITS1 primer was totally lacking, indicating se-
quencing interruption. However, sequence alignment with M.
esculenta indicated that probably only five bases of the M.
conica ITS were not sequenced at this end. Because of the
length of the analyzed region, sequencing without intermediary
primers was delicate and led to these minute imprecisions or
interruptions at the ends of the sequences. However, these did
not prevent a clear interpretation. Furthermore, Basic Local
Alignment Search Tool comparison revealed high-scoring seg-

TABLE 1. Comparison of the positions, lengths, and homologies of
three regions in the ITS of the rDNAs of M. esculenta and M. conica

Localization, length (bp) of ITS % Homology between

DNA region M. esculenta and
M. esculenta M. conica M. conica
ITS1 spacer 44-538, 494 16-212,197 42.13
5.8S gene 539-711, 173 213-385,173 97.7
ITS2 spacer 712-1080,369 386-657,272 35.29
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- — ————— 175 Gene » |TS1 spacer
Me 1 oeeeeeneeee e --- -CATTAC GAAG----GA ACGACA---C

Me | CGGTAGGTGA ACCTGCGGAA GGATCATTAC GAGATTCAAA ACGAAAAGAG

Mc 51 AG----- AAA AGGGCAGC-- CGAGGG---- -GCCACCA-- ----------

Me 51 AGTGGGGAGA GAGGCACCAG CGATGGAGGA CGCCGCCACA TTGGCGGGTT

Me 101 - =-wmmee oo oo GGGCT AGTAGC- - - -
Me 101 CCGTACCCCA GTGTTGGTCC AGGGCGGGCC AGCTGCGACG GTCTCATCCG

Mc 151 ----- TTIAC GTT
Me 151 CATTCCCTGC GTTTTGGCAG CAAGCCCCGA ATCGGGGTGG GAACGGATCG

Me 201 ---eoaeen -GTTGAA - - -
Me 201 TGCAATCAAT GCTCTGCAGC CATCCATACG GGTTGGGTGA GCGTGCAGAG

L GGT GCTGGC---- - -CGGAC- - -
Me 251 TAGACTATTG CTGCGCTAAA GGAGACCGGT CGCGGCAGGT GGGGGACGGC

J I B T R CCGG AGCCG- - - - -
Me 301 ACATGCAGGA CTGATCCCAA CCATGTGTTG ATTCCCGTGG GGCCGGGGTT

Me 351 --eeennn- ----CCCCCA TCT-------
Me 351 GTAGAATACC CCGGCGACTC GCAGACGGCG TGTAGECTCG TTTGGCCCCC

Me 401 - ---ieee e AAACCCTCTG CGTACCTGTC CCGCCTTGCT
Me 401 TCTCGCCATT GTCCCAACCA AAACCCTGTIG TGFACCCCTT CCCTGTTGCT

Me 451 TEECG- - - - - ---TGGCT-- -ACLCGCTGE GGGGAGGAAC AACAACCAAA
Me 451 TCCCCCGGGG CACTGGCTCC GGGCAGCCGG GGGGAGAAAC CA-AGCAAAA

ITS1 spacer
Mc 501 AGTGTTTGT- GAACAAACCG ACGTCAGAAT CATAAGAAAA CARAAAAAGT
Me 501 ACCCTITTTC GCAAAAAGAG ACGICTGAA- CAT--CAAAA ACAAAAAAGT
5.8S Gene

Mc 551|AARAACTITC AACAACGGAT CTCTTGGTIC CCACATCGAT GAAGAACGCA
Me 551|TAAAACTTTC AACAACGGAT CTCTTGGTTC CCACATCGAT GAAGAACGCA

Me 601 |GCGAAATGCG ATAAGTAATG TGAATTGCAG AATTCAGTGA ATCATCGAAT
Me 601GCAAAATGEG ATAAQTAATG TGAATTGCAG AATTCAGTGA ATCATCGAAT

Mc 651|CTTTGAACGC ACATTGOGCC CCGIGETATT CCGGGGGGCA TGCCTGTICG
Me 651 |CTTTGAACGC ACATTGOGCC CTCTGGTATT CCGGAGGGCA TGCCTGTTCG

Mc 701 |AGCGTCATAA AAACCITCCTC CCCCTTCGGG TTTGATTACT ATCGTIGGGG
Me 701 |AGCGTCATAA ATAGC|CUTC CCCOTCGGAT TGCTTTITGCG GTCCCTEEGG

- |TS2 spacer

Mc 751 GGTTTTIGGCC TAATGGGATA ---GCGATT- ---GGCA--- --ATTAGTIT
Me 751 GGTTCTGGCA ATGTGGATTC CCCGTGCTTT GAGGGCATGC GGACGGGCTC

Mc 801 GG
Me 801 CGAGTGCTGA

Mc 851 CCTCCAGA - - ¢ .
Me 851 CTGGCAGGAT TCGTGGCAGG

GGC------%

Mc 901 - A E
. CCTCCCCCTT

Me 901

ACGGTCTGGG

Mc 951
Me 951

Mc 1001 CGCAGTTGLE GECGTAAATT
Me 1001 CACGATAGCG GGCGTTAAAC

Mc 1051

Me 1051 '

GT GGGCTAGCAA

Mc 11017
Me 1101

25S Gene

FIG. 1. Sequence alignment of the ITS of the rDNAs of M. esculenta (Me)
and M. conica (Mc). Underlined bases indicate complementarity with the primers
used to amplify the target region.

ment pairs (over 83%) exclusively between limited sectors of
the sequences (bases 519 to 742 in M. esculenta and bases 163
to 404 in M. conica) and the 5.8S rDNAs of other ascomycetes.
This confirmed that the amplified and sequenced regions both
correspond to the morel ITS.
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The high homologies with the 5.8S rDNAs of other ascomy-
cetes allowed localization of the 5.8S gene and of the ITS1 and
ITS2 spacers in the morels (Table 1 and Fig. 1). High sequence
homology was observed between the 5.8S genes of both morels
(Table 1). In contrast, the noncoding spacers ITS1 and ITS2
exhibited polymorphisms (Table 1 and Fig. 1). Good homolo-
gies characterized both the extremities of the spacers border-
ing the 5.8S gene and the 3’ end of ITS2 (Fig. 1). Length
discrepancy in ITS2 corresponded to several small additional
fragments (up to 15 bases) between bases 793 and 1046 of the
M. esculenta ITS (Fig. 1). Length discrepancy between the
ITS1 spacers of both morels was concentrated principally be-
tween bases 89 and 420 of the M. esculenta ITS (Fig. 1). This
region with insertions (40 to 68 bases) in M. esculenta showed
only 25.1% homology between the two morels.

At the genus level, the degree of polymorphism in the non-
coding ITS1 region varies among fungi (20). Less than 2%
divergence and a constant length (200 bp) characterize the
ITS1 regions of different Sclerotium species (7), whereas Col-
letotrichum species exhibit a homogeneous length (170 bp) with
up to 16.5% base substitutions (22, 23). Previous reports have
mentioned a constant length of the entire ITS at the genus
level, with the polymorphism between species reduced to base
substitutions of up to 16% (8, 17, 18). The length of the entire
ITS diverges dramatically between M. esculenta and M.
conica—a similar situation was described in the genus Tuber,
another higher discomycete (11)—because of insertion-dele-
tion substitutions in both the ITS1 and ITS2 spacers, inter-
spersed with small conserved regions.

Nucleotide sequence accession numbers. The GenBank ac-
cession numbers for M. esculenta A7 and M. conica Col are
U51851 and U51852, respectively.

This work was performed within the framework of the German-
French cooperation project PROCOPE.

The strain of M. conica was kindly produced by Norbert Luschka.
We are indebted to Francis Martin for discussion and constructive
criticisms. Donal Patrick Lee Murphy kindly revised the language.

REFERENCES

1. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403-410.

2. Berthet, P. 1964. Essai biotaxonomique sur les discomycetes. Ph.D. thesis.
Faculté des Sciences de I'Université de Lyon, Lyon, France.

3. Bresinsky, A., W. Glaser, and J. Stangl. 1972. Untersuchungen zur Sippen-
struktur der Morchellaceen. Ber. Bayer. Bot. Ges. 43:127-143.

4. Bunyard, B. A., M. S. Nicholson, and D. J. Royse. 1994. A systematic
assessment of Morchella using RFLP analysis of the 28S ribosomal RNA
gene. Mycologia 86:762-772.

5. Bunyard, B. A., M. S. Nicholson, and D. J. Royse. 1995. Phylogenetic resolution
of Morchella, Verpa and Disciotis [Pezizales: Morchellaceae] based on restriction
enzyme analysis of the 28S ribosomal gene. Exp. Mycol. 19:223-233.

6. Buscot, F., D. Wipf, C. Di Battista, J. C. Munch, B. Botton, and F. Martin.
1996. DNA polymorphism in morels. I. PCR/RFLP analysis of the ribosomal
DNA spacers and microsatellite-primed PCR. Mycol. Res. 100:63-71.

7. Carbone, I, and L. M. Kohn. 1993. Ribosomal DNA sequence divergence
within internal transcribed spacer 1 of the Sclerotiniaceae. Mycologia 85:
415-427.

8. Curran, J., F. Driver, J. W. O. Ballard, and R. J. Milner. 1994. Phylogeny of
Metarhizium: analysis of ribosomal DNA sequence data. Mycol. Res. 98:547—
552.

9. Gessner, R. V. 1995. Genetics and systematics of North American popula-

tions of Morchella. Can. J. Bot. 73(Suppl. 1):967-972.
. Gessner, R. V., M. A. Romano, and R. W. Schultz. 1987. Allelic variation and
segregation in Morchella deliciosa and M. esculenta. Mycologia 79:683-687.
11. Henrion, B., G. Chevalier, and F. Martin. 1994. Typing truffle species by
PCR amplification of the ribosomal DNA spacers. Mycol. Res. 98:37-43.
12. Henrion, B., F. Le Tacon, and F. Martin. 1992. Rapid identification of
genetic variation of ectomycorrhizal fungi by amplification of ribosomal
RNA genes. New Phytol. 122:289-298.
13. Higgins, D. G., A. J. Bleasby, and R. Fuchs. 1992. Improved software for
multiple sequence alignment. Cabios 8:189-191.

—
j=1



VoL. 62, 1996

14.
15.

16.

17.

18.

19.

20.

Jacquetant, E. 1984. Les morilles. Plantanida, Lausanne, Switzerland.
Korf, R. P. 1973. Discomycetes and Tuberales, p. 249-319. In G. C. Ains-
worth, F. K. Sparrow, and A. S. Sussman (ed.), The fungi, vol. 4. Academic
Press, Inc., New York.

Kulkarni, R., and G. D. Kamerath. 1989. Isozyme analysis of Morchella
species. Mushroom Sci. 12:451-457.

Moukhamedov, R., X. Hu, R. N. Nazard, and J. Robb. 1994. Use of poly-
merase chain reaction amplified ribosomal intragenic sequences for the
diagnosis of Verticillium tricorpus. Phytopathology 84:256-259.

Neuvéglise, C., Y. Brygoo, B. Vercambre, and G. Riba. 1994. Comparative
analyses of molecular and biological characteristics of strains of Beauveria
brongniartii isolated from insects. Mycol. Res. 98:322-328.

Royse, D. J., and B. May. 1990. Interspecific allozyme variation among
Morchella spp. and its interferences for systematics within the genus. Bio-
chem. Syst. Ecol. 18:475-479.

Seifert, K. A., B. D. Wingfield, and M. J. Wingfield. 1995. A critique of DNA
sequence analysis in the taxonomy of filamentous ascomycetes and ascomy-
cetous anamorphs. Can. J. Bot. 73(Suppl. 1):760-767.

22.

23.

24.

25.

26.
27.

NOTES 3543

. Smith Weber, N. 1988. A morel hunters companion. Twopeninsula Press,

Lansing, Mich.

Sreenivasaprasad, S., A. E. Brown, and P. R. Mills. 1993. Coffee berry
disease pathogen in Africa: genetic structure and relationship to the group
species Colletotricum gloeosporioides. Mycol. Res. 97:995-1000.
Sreenivasaprasad, S., P. R. Mills, and A. E. Brown. 1994. Nucleotide se-
quence of the rDNA spacer 1 enables identification of isolates of Colletotri-
cum as C. acutatum. Mycol. Res. 98:186-188.

White, T. J., T. Bruns, S. Lee, and J. Taylor. 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics, p. 315-322. In
M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.), PCR
protocols: a guide to methods and applications. Academic Press, San Diego,
Calif.

Wipf, D., J.-P. Bedell, J. C. Munch, B. Botton, and F. Buscot. Studies on
polymorphism in morels. I. Isozyme electrophoretic analysis. Can. J. Micro-
biol., in press.

Wipf, D., and F. Buscot. Unpublished data.

Yoon, C. S.,R. V. Gessner, and M. A. Romano. 1990. Population genetics and
systematics of the Morchella esculenta complex. Mycologia 82:227-235.



