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A 300-bp repetitive element was found in the genome of the white button mushroom, Agaricus bisporus, and
designated Abrl. It is present in ~15 copies per haploid genome in the commercial strain Horst Ul. Analysis
of seven copies showed 89 to 97% sequence identity. The repeat has features typical of class II transposons (i.e.,
terminal inverted repeats, subterminal repeats, and a target site duplication of 7 bp). The latter shows a
consensus sequence. When used as probe on Southern blots, Abrl identifies relatively little variation within
traditional and present-day commercial strains, indicating that most strains are identical or have a common
origin. In contrast to these cultivars, high variation is found among field-collected strains. Furthermore, a
remarkable difference in copy numbers of 4brl was found between A. bisporus isolates with a secondarily
homothallic life cycle and those with a heterothallic life cycle. Abrl is a type II transposon not previously
reported in basidiomycetes and appears to be useful for the identification of strains within the species A4.

bisporus.

Transposable elements, or transposons, are mobile genetic
elements that can spread through genomes by integration in
nonhomologous regions. They can be present in very high copy
numbers in eukaryotic genomes, making up 10% of the Dro-
sophila genome and more than 50% of some plant genomes
(17). Transposons have also been found in filamentous fungi
(33). Eukaryotic transposons are subdivided into two classes
based on their method of transposition. Class I elements trans-
pose via an RNA intermediate and usually code for a number
of genes, one of which is always a reverse transcriptase (2). For
the transposition of class II transposons, a single protein is
needed (i.e., a transposase that is involved in processing the
donor and target DNA via a “cut and paste” process) (34).
Despite their nonreplicative method of transposition, class II
transposons can increase in number by transposition from rep-
licated to not yet replicated DNA or by gene conversion (34).
Both types of transposons have been found in fungi (for recent
reviews, see references 8 and 25).

Here, we describe the isolation, characterization, and distri-
bution of a class II transposon in the genome of the white
button mushroom, Agaricus bisporus (Lange) Imbach. This ba-
sidiomycetous fungus is the most cultivated mushroom in the
world, accounting for approximately 75% of the global pro-
duction of edible mushrooms (2 million metric tons) (14).
Unfortunately its slow growth on artificial media, difficulties in
obtaining and regenerating protoplasts, low frequency of spore
germination (12), and the lack of an efficient transformation
system (1) hardly make A. bisporus a basidiomycete of choice
for laboratory studies. In addition to these drawbacks, all cul-
tivars and most wild isolates have a typical secondarily ho-
mothallic life cycle (35), which makes breeding difficult. Most
basidia produce two spores, and the four postmeiotic nuclei
are divided in such a way that most spores receive two nonsis-
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ter nuclei which, upon germination, yield fertile heterokaryotic
mycelium (42). The low frequency of basidia producing three
or four spores makes it difficult to select single-spore isolates
that produce homokaryons that can be used for crossbreeding
(26). Recently, however, a distinct variety has been found with
a heterothallic life cycle (i.e., most basidia bear four spores)
(3). Fortunately for A. bisporus researchers, during the last few
years, genome mapping (27, 41, 48) and identifying genes and
understanding their expression have progressed (10, 44, 46),
and a usable transformation system appears to have been de-
veloped (9).

In an earlier study (41), one of the probes used for mapping
showed a polymorphism that was caused by an insertion. In this
study, we show that this insertion is a repetitive element with a
length of ~300 bp. Approximately 15 copies are present in
both parental genomes of the commercially cultivated A.
bisporus strain Horst U1. Our objectives were to determine (i)
the nature of this repetitive element and (ii) its occurrence in
cultivars and wild strains of A. bisporus.

MATERIALS AND METHODS

Strains and DNA manipulation. The commercial strain 4. bisporus Horst U1
and its parental strains, H39 and H97, were obtained from the culture collection
of the Mushroom Experimental Station, Horst, The Netherlands. Wild strains of
A. bisporus were obtained from the Agaricus Resource Program (ARP) (28). All
strains were maintained at 4°C on slant tubes of wheat extract agar as previously
described (18, 41). Monokaryotic mycelia from wild strains were obtained either
by protoplasting, as described by Sonnenberg et al. (39), or as a single-spore
isolate from lamellae distributed through the ARP collection. The homokaryotic
nature was verified by establishing homozygosity for linked markers and mating
with compatible homokaryons, followed by fruiting trials of the resulting hetero-
karyons (41). All strains used are listed in Table 1. Escherichia coli LE 392
(Promega, Madison, Wis.) was used for phage amplification and X DNA isola-
tion. E. coli DH5a (GIBCO BRL Life Technology, Gaithersburg Md.) was used
for plasmid transformation and propagation.

Standard DNA manipulations were carried out essentially as described previ-
ously (36). Restriction enzymes and other enzymes used for DNA manipulations
were purchased from GIBCO BRL Life Technology and used according to the
supplier’s instructions. Probes were labelled with digoxigenin by using the Dig
DNA labelling kit (Boehringer Mannheim, Mannheim, Germany). Hybridization
was carried out overnight at 65°C in a standard hybridization buffer (5X SSC [1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% lauroylsarcosine, 0.02%
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TABLE 1. Homokaryons used in this study

No.* Strain Strain derived from

Secondarily homothallic life cycle

1 c24/4b CB-3¢
2 b69/6" BP-6¢
3 b67/11° RWK1550"
4 b64/8° CB-2¢
5 c34/7° FS-43¢
6 b70/7° FS-20¢
7 b66/9° MK-1"
8 c25/2° FS-25°
9 c29/6" FS-27
10 b86/1° CB-1¢
11 c10/3® FS-26
12 c35/3° FS-54%
Heterothallic life cycle
14 b55/9¢ JB-2
15 b51/3¢ JB-3
16 b123/1¢ JB-17%
17 b132/1¢ JB-26F
18 b116/8¢ JB-10%
19 b124/1¢ JB-18¢
20 b129/1¢ JB-23%
21 b131/2¢ JB-25%
22 b138/1¢ JB-32¢
23 b140/8¢ JB-34%
24 b142/2¢ JB-36%
25 b144/2¢ JB-38¢
26 b162/2¢ JB-174%
27 b145/8¢ JB-39%
28 b161/1¢ JB-173F

@ Strain number, referred to in legend to Fig. 5.
® Protoclone (homokaryon obtained from heterokaryon via protoplasting).
¢ Single-spore isolate.

4 Collected in The Netherlands.

¢ Collected in Santa Cruz, Calif.

I Collected in Alberta, Canada.

& Collected in San Mateo, Calif.

 Collected in Ontario, Canada.

i Collected in San Francisco, Calif.

J Collected in Riverside, Calif.

¥ Collected in the Sonoran Desert, Calif.

sodium dodecyl sulfate, 1% digoxigenin-blocking reagent). Detection of hybrids
was carried out according to the conditions recommended in the Dig chemilu-
minescent detection kit (Boehringer Mannheim). DNA sequences were deter-
mined with a Thermo Sequenase fluorescent-labelled primer cycle sequencing kit
with 7-deaza-dGTP (Amersham, Buckinghamshire, United Kingdom) and an
ALF automated sequencer (Pharmacia Biotech, Uppsala, Sweden). Alterna-
tively, sequences were determined commercially (BaseClear, Leiden, The Neth-
erlands).

Cloning of Abrl. Genomic clones containing copies of Abrl were obtained by
screening a A\EMBL3 genomic library of A. bisporus H39 by standard methods,
with Abrl.1 as a probe. Subcloning was performed in pUC19 (GIBCO BRL Life
Technology). A copy of Abrl in a cDNA clone was obtained by screening a
previously constructed cDNA expression library (11) by standard methods, with
Abrl.1 as a probe. PCR was performed in a total volume of 25 pl, containing 10
mM Tris-HCI (pH 8.0), 50 mM KClI, 1.5 mM MgCl,, 0.4 mM deoxynucleoside
triphosphates (dNTPs), 0.001% (wt/vol) gelatin, 0.3 U of Tag polymerase (Su-
perTaq; Sphaero Q, Leiden, The Netherlands), and 50 ng of genomic DNA. For
amplification of the locus 1N150 (= Abrl.1), primers IN150 forw (5'-CAA TCT
CAA GCT TGC CTG G-3') and IN150 rev (5'-AGG TGA CAT GTC AGA
AGC GC-3") were used at a 0.6 .M concentration. For amplification of Abr1.2,
primers Abr1.2 forw (5'-TTG TCC GAG ACT TAC TCA CG-3') and Abrl.2 rev
(5'-CCT CGC GCA AGC AGA TAC AA-3") were used at a 0.4 pM concen-
tration. Amplification was achieved in a program of 1 min at 94°C, 2 min at 58°C,
and 2 min at 72°C for 31 cycles. In the last cycle, the extension at 72°C was
performed for 5 min. PCR fragments were cloned by using the pGEM-T system
(Promega).

Analysis of sequences. Sequences were analyzed by using the program BLAST
(22). Multiple sequence alignment was performed with the program CLUSTAL
W (43).
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Chromosome-size DNA preparations and pulsed-field electrophoretic separa-
tion of chromosomes. The preparation of chromosome-size DNA and separation
of intact chromosomes by using the CHEF-DRII contour-clamped homogeneous
electric field (CHEF) system were done as described previously (41).

Segregation analysis. The segregation of the Abrl copies was analyzed as
described in reference 41.

Nucleotide sequence accession number. The nucleotide sequences (accession
numbers given in parentheses) of Abrl.1 (Y18555), Abrl.2 (AJ238112), Abrl.3
(AJ238114), Abrl.4 (AJ238111), Abrl.6 (AJ238110), Abrl.7 (AJ238113), and
Abrl.9 (AJ238115) have been deposited in the EMBL data bank.

RESULTS

Isolation of Abrl. In previous studies, randomly cloned
genomic EcoRI fragments were used as probes to construct a
genomic map of A. bisporus (4, 27, 41). By Southern analysis,
one 900-bp EcoRI fragment (probe plnl50) hybridized to a
single band of EcoRI-digested genomic DNA in both parental
lines of the commercial strain Horst U1. The length difference
between the bands was ~300 bp and may have been due to an
insertion or a deletion. Sequence data from both ends of probe
pIn150 were used to design primers that would amplify the
major part of plnl50. The primers amplified an expected
900-bp fragment from the parental line H39 and a 1,200-bp
fragment when genomic DNA of parental line H97 was used as
a template. Both PCR products were cloned and used as
probes in Southern analysis to confirm that the same region
was amplified in both strains. The 900-bp fragment hybridized
to a single band in both parental lines, with the band in H97
being 300 bp longer than the band in strain H39. When the
1,200-bp PCR product was used as a probe, however, numer-
ous bands were seen in addition to the one expected. When
sequenced, both products had similar sequences, except for a
313-bp insertion present in the 1,200-bp product. The insert
was amplified by using primers for the sequences adjacent to it.
When the cloned insert was used as a probe, 14 to 15 bands
were seen in both parental strains on Southern blots of EcoRI-
digested genomic DNA (Fig. 1), indicating that we had cloned
a repetitive sequence present in similar copy numbers in both
parental strains of Horst Ul. The sequence was designated
Abrl, for A. bisporus repeat 1.

Additional copies and structural features of 4brl. The first
copy of Abrl (Abri.1) was used to screen a genomic library of
strain H39. Subcloning and sequencing yielded five additional
copies of Abrl. When Abrl.1 was used to screen a previously
constructed cDNA derived from pinning fruit bodies (11), a
partial cDNA of 670 bp was isolated that contained a complete
copy of Abrl. The copy is located 233 bp upstream of the
poly(A) tail. Primers flanking the Abrl copy in the cDNA
failed to amplify genomic DNA, indicating that one or both
primers span an intron. Reverse transcription-PCRs (RT-
PCRs) were done with the same primers with total RNA iso-
lated from vegetative mycelium of the homokaryons H39 and
H97 and the heterokaryon Horst Ul and from immature and
mature fruit bodies of Horst U1. In each case, a single band of
the expected length was obtained that hybridized to Abrl and
to a probe specific for the 233-bp sequence between Abrl and
the poly(A) tail (results not shown). This indicates that both
alleles in strain Horst U1 contain the Abr/ insert and that both
genes are transcribed. The inserted Abr! copy contains several
stop codons in each of the possible reading frames. If the
element resides in the coding region of the gene, this might
lead to a truncated protein.

The sequences of the seven copies are highly conserved (89
to 97% identity when the deletions are not taken into account).
No open reading frame of a significant length was found, and
a database search revealed no similarity to known sequences.
The aligned sequences (Fig. 2A) show that Abr! has structural
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FIG. 1. Southern analysis of genomic DNA of strain Horst Ul and its pa-
rental lines, strains H39 and H97. EcoRI-digested DNA was separated on a
0.65% agarose gel, blotted onto a nylon membrane, and hybridized with Abrl.
Molecular size markers (kilobases) are indicated on the right.

features of an inverted repeat transposable element (38, 49).
Most copies have a terminal inverted repeat (TIR) of 10 bp
flanked by a 7-bp direct repeat. Some copies have a deletion.
Abrl.6 is missing the 3’ end including the right TIR, while
Abrl.2 is lacking part of the left TIR. Within the sequence,
several direct and inverted repeats were identified (data not
shown). None of the sequenced copies of Abrl contains an
EcoRlI site, which means that the number of bands seen on a
Southern blot containing EcoRI-digested genomic DNA re-
flects the minimum number of Abrl copies present in the
genome.

Chromosomal locations and target sites. When Abrl was
used as a probe on CHEF-separated chromosomes, hybridiza-
tion signals were obtained for several chromosomes of both
parental strains H39 and H97 (Fig. 3). This hybridization pat-
tern indicates that Abr/ is dispersed throughout the genome of
A. bisporus. However, not all chromosomes hybridizing to Abr!
are identical for strains H39 and H97. The doublet containing
chromosomes VI and VII in strain H97 does not hybridize to
Abrl. Chromosome VII of strain H39, however, shows a clear
hybridization signal. In addition, chromosome XII of strain
H39 gives a weak hybridization signal, while chromosome XII
of strain H97 shows a strong signal. Segregation analysis of a
previously isolated set of offspring of strain Horst Ul (41)
confirmed the results obtained with the CHEF analysis. When
used as probe on a Southern blot containing EcoRI-digested
genomic DNA, most bands of Abrl mapped to different posi-
tions (not shown). Two of the four bands that have identical
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lengths in strain H39 and H97 were missing in some of the
offspring of Horst U1. This result indicates that these bands of
similar sizes represent different loci. For the two remaining
bands with similar lengths, no segregation was found. These
results suggest that the genomic locations of most of the copies
of Abrl differ for both strains. The segregation analysis also
indicates that the differences in strength of the hybridization
signals on different chromosomes are due to variation in Abr!
copy number on individual chromosomes. Transposable ele-
ments may duplicate their target sites after insertion, resulting
in direct repeats adjacent to the inverted repeats of the ele-
ment. One target site in strain H97 and the corresponding site
in strain H39 with the integrated Abrl.1 copy have been se-
quenced (as the insertion in probe p1n150). The sequence data
obtained after isolation of the Abrl.2 copy were used to am-
plify an additional genomic region in strain H97 homologous
to the region that contains the Abrl.2 copy in strain H39. The
fragment amplified with H97 DNA as template was, as ex-
pected, ~300 bp smaller (data not shown). When the two sites
containing Abrl and their corresponding regions in the other
parental strain missing the insert were compared, the site of
integration could clearly be identified as the 7-bp sequence
identical to the direct repeats flanking Abr! (Fig. 2B). This
strongly suggests that Abrl originated from a transposition
event. The seven target sites clearly show some sequence con-
servation (Fig. 2).

Occurrence of Abrl in commercial strains and wild strains
collected in the field. We examined eight traditional cultivars
(in use mainly before 1980) and nine hybrid cultivars (that
appeared after 1980) for their hybridization patterns on
EcoRI-digested genomic DNA. The polymorphisms found in
these lines were of three types (Fig. 4). The traditional cultivars
could be separated into two distinct groups, type I and type II,
with no variation in banding pattern within a group. This clas-
sification exactly coincides with the two types of strains that
were used before the first hybrids were introduced (19), i.e.,
the “white” and the “off-white” strains (20). All present-day
commercial hybrids were identical and showed a third type of
hybridization pattern.

Twenty-seven homokaryons derived from field-collected
lines present in the ARP collection (Table 1) were subjected to
Southern analysis. All of these strains showed different band-
ing patterns, indicating a high variability in genotypes. A clear
difference in banding patterns was observed between strains
with a secondary homothallic life cycle and those with a het-
erothallic mode of reproduction. To make the difference even
clearer, both types of strains were grouped (Fig. 5). The num-
ber of bands in the two-spored varieties is approximately twice
that in the four-spored varieties (12.6 and 6.6, respectively).

DISCUSSION

Class II transposable elements transpose via a DNA inter-
mediate. Most class II transposons found in fungi belong to the
Fotl/Pogo, Tcl/Mariner, or hAT family (25). The relatively
short TIRs, a target site duplication of 7 bp, and the presence
of subterminal repeats indicate that Abr! is likely a member of
the hAT group (45), which has not been observed before in
basidiomycetes. Furthermore, there is only one previous report
of a class II transposon in basidiomycetes (21).

Its short length and lack of substantial coding regions sug-
gest that Abrl itself does not code for a transposase but de-
pends for its mobility on a trans-acting transposase located at
another chromosomal position. Well-known examples of such
dependency are the Ds elements in the Ac/Ds system found in
maize (15) and inactive P elements in Drosophila melanogaster
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FIG. 2. Alignment of the borders of seven copies of Abrl. (A) The source of each copy is indicated at the end of each line. The target site duplications and the TIRs
are indicated by boxes. The alignment of target sites of all of the AbrI copies shows a clear conservation in sequence (shaded bases). Primers flanking Abrl.1 in strain
H97 and Abrl1.2 in strain H39 were used to amplify genomic DNA of both strains H39 and H97. Sequences of the amplified fragments (B) allowed the identification
of the target site (boxed sequences) in the strain lacking the corresponding fragments of Abrl. The TIRs are indicated by arrows.

(13). Typically, nonautonomous class II transposons are dele-
tion derivatives of the autonomous element and thus form a
heterogeneous collection with respect to their lengths. The
seven isolated copies of Abrl are almost identical in length,
and the sequences are very similar, suggesting that the copies
of Abrl found in the genome of A. bisporus resulted from
transposition of Abr! as an entity. By using primers for PCR in
the 5" and 3’ regions of Abrl, no large fragments were obtained
that could code for an active transposase. The absence of
transposase activity is also supported by the fact that most
Abrl copies show a normal 1:1 segregation in offspring of
strain Horst Ul (data not shown). The few copies that do
not segregate 1:1 are located in genomic regions that have
skewed segregation for other markers as well (data not
shown).

The duplicated target site of Abrl is conserved. This conser-
vation might indicate that the transposase involved in the mo-
bility of Abrl interacts preferentially with particular sequences,
as is found for bacteriophage Mu (32) and the bacterial trans-

poson Tn/0 (31). No conservation in the target site is known
for previously isolated members of the AT group of class II
transposable elements (6, 34). The sequences surrounding the
Abrl copies show no obvious similarity (data not shown).
One Abrl copy was found within a transcribed region of an
unknown gene. Except from transposons isolated by gene tag-
ging (7, 23), there is only one previous report of an insertion of
a transposable element within a gene (21). In Phanerochaete
chrysosporium, one allele of the lignin peroxidase gene, lipll,
contains a transposon-like element immediately adjacent to
the fourth intron. This insertion leads to the inactivation of
transcription of the gene. In A. bisporus, RT-PCR and hybrid-
ization experiments have shown that both constituent nuclei of
strain Horst Ul contain 4brl within a single-copy gene of
unknown function. The RT-PCR experiments also show that
the gene is constitutively expressed in both homokaryons, the
heterokaryon, and fruit bodies. Since the inserted Abrl copy
contains several stop codons, a truncated protein might be
produced. Since both alleles contain the insertion, either this
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FIG. 3. Analyses of chromosomal positions of copies of Abrl. Chromosomes of strains H39 and H97 were separated by CHEF (B) and blotted onto a nylon
membrane and hybridized to Abrl (C). Chromosomes that hybridized weakly are indicated by an arrow. In panel A, homologous chromosomes of H39 and H97 are

indicated with the molecular size markers on the left (megabases).

truncation does not lead to an inactive product, or the gene has
no essential function.

Within eight traditional cultivars, two different Abrl geno-
types were seen. These genotypes coincide with the phenotypes
of traditional cultivar types used before 1980, the white and the
off-white strains (20). A comparison of mitochondrial geno-
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FIG. 4. Southern analyses of EcoRI-digested genomic DNA of traditional
and present-day commercial strains of A. bisporus hybridized to Abrl. The hy-
bridization patterns were of three types, corresponding to different cultivar types.
Lanes: 1, off-white traditional cultivars (Somycel 9.2, Somycel 76, Sinden A4, and
Le Lion B62); 2, white traditional cultivars (Somycel 53, Sinden A1, Le Lion B14,
and Les Miz 66); 3, present-day hybrids (Horst U1, Horst U3, Amycel 2800, Le
Lion X8, Int. Spawn 643, Sylvan 100, Sylvan 608, Le Lion X20, Le Lion X22, and
Sylvan 512). The molecular size markers are indicated on the right (kilobases).
Homokaryotic strains H97 (single-spore isolate from the traditional off-white
line Somycel 9.2) and H39 (single-spore isolate from the traditional white line
Somycel 53), which were used to construct strain Horst U1, showed hybridization
patterns as depicted in lanes 1 and 2, respectively.

types of the traditional cultivars has led in a previous study (40)
to the same conclusion. This means that many strains marketed
under different names are genetically very similar. The uniform
banding pattern seen in hybrids when Abr! is used as a probe
indicates a similar situation for the present-day cultivars. The
origin of most commercial hybrids is a well-kept secret, but the
construction of Horst Ul is well documented (19, 24). Horst
U1 was obtained by mating the infertile single-spore-derived
culture H39 obtained from the white strain Somycel 53 with
H97 obtained from the off-white strain Somycel 9.2. After the
release of Horst Ul, other hybrids appeared within a few
months. The time of release of these “new” hybrids suggests
that they are either copies or selections of fertile single-spore
isolates derived from the first hybrids. In the latter case, an
unchanged genotype is not surprising, since the typical life
cycle of A. bisporus tends to maintain parental heterozygosity
in the offspring (42).

Hybridization of Abrl to separated chromosomes and seg-
regation analysis have both shown that the genomic locations
of most copies in the parental lines of strain Horst Ul are
different. Since the parental lines are derived from Somycel 53
and Somycel 9.2, this conclusion also extends to the two types
of traditional cultivars. The most plausible explanation for the
different genomic positions is that the transposons spread in
each strain independently. When the banding patterns of the
traditional cultivars and the present-day hybrids are compared,
no bands of new sizes are found, indicating that there have
been no recent transpositions of Abrl. This result suggests that
the two types of cultivars are not closely related. When com-
bined with data on restriction fragment polymorphisms (41),
the previous suggestions that all traditional white-colored cul-
tivars of A. bisporus in the world (which include the white and
off-white cultivars) are derived from the famous clump of
“snow white” mushrooms that occurred on a bed of cream
mushrooms in 1926 (30, 37) are most unlikely.

The uniformity of the AbrI patterns found in the commercial
strains contrasts with the high variability found in wild popu-
lations collected in the ARP (28). The large differences seen in
banding patterns when Abrl was used as a probe suggest that
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FIG. 5. Southern analyses of EcoRI-digested genomic DNA of a number of wild varieties of 4. bisporus hybridized to Abrl. Lanes: 1 to 12, A. bisporus var. bisporus
(two-spored variety) corresponding to strain numbers 1 to 12, respectively, in Table 1; 14 to 28, A. bisporus var. burnettii (four-spored variety) corresponding to strain
numbers 14 to 28 in Table 1. Lane 13 contains molecular size markers, one of which hybridizes to Abrl. The other bands of the molecular size markers are indicated

to the right (kilobases).

there is a high variation in genomic position and in copy num-
ber among the different isolates. The difference in the copy
number of Abrl in the bisporic and tetrasporic varieties is
striking. The latter type is found in the Sonoran Desert in
California, and a study of mitochondrial DNA variation has
shown that this tetrasporic variety is genetically very distinct
from commercial cultivars and wild bisporic isolates (47). Our
findings support the hypothesis that the separation of these two
morphological types may be ancient. If the banding patterns of
Abrl that we have identified in traditional cultivars and
present-day hybrids are representative for all cultivars used in
the last decades, Abrl might be a powerful tool to determine
the extent to which cultivar types have invaded natural popu-
lations that seem to be at risk of extinction (29).
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