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To characterize thermotolerance-related genes in Agaricus bisporus strain 02, we em-

ployed differential display PCR (DD-PCR) to analyze total RNA samples extracted from
the mycelia grown at different temperatures. Two partial DNA fragments (023-11A and
023-11B) were cloned thus far, the expression of which was correlated with the culturing
temperature. The sequences of the two DNA fragments were determined and the results
showed that the nucleotide sequence of 023-11A was unknown, and 023-11B was highly
similar in nucleotide sequence (identities 24 %, positives 45 %) to a gene coding for the
karyopherin docking complex of the nuclear pore complex of Saccharomyces cerevisiae. It is
possible to use the two fragments for further characterization of full-length coding sequen-
ces, which can potentially be used for generating new thermotolerant mushroom strains
by transgenic technique.
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Introduction

Mushrooms are excellent food that can be used in
well-balanced diets for their low content of fat and en-
ergy and high content of dietary fiber and functional
compounds. As one of the most popular species on the
international mushroom market, Agaricus bisporus has
been undergoing a rapid increase in market share in re-
cent years (1). However, successful cultivation of Agari-
cus bisporus is often limited by its own biological proper-
ties, in particular, its sensitivity to high temperature.
The optimal temperature for cultivation of this commer-
cially important mushroom is 22-25 °C. In general, tem-
perature above 32 °C will impair the growth of mycelia
and result in a fruit body of poor quality with long and
thin stem and opened cap. For this reason, A. bisporus
can only be cultivated seasonally in Southern China,

where it accounts for 70 % of the production of the
whole country. An introduction of the thermotolerant
strain of A. bisporus will provide a significant boost to
the Chinese mushroom industry.

In this paper, we described the employment of a
new fluorescence-based differential display polymerase
chain reaction (fluoro-DD-PCR) technique that we have
developed for identifying thermotolerance-related genes
in white button mushroom. This technique was adopted
from the well-established DD-PCR technique (2,3) by
fluorescein labeling. We employed the fluoro-DD-PCR
on the thermotolerant strain 02, which produces a high
quantity of fruity bodies at 32 °C. However, these fruit
bodies are of low quality with caps that open readily.
That is why we considered strain 02 to be a suitable
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model not only for quantity breeding, but also for the
research of thermotolerance.

Materials and Methods

Fungus culture

The commercial strain of Agaricus bisporus 02 was
supplied by the Mushroom Research and Development
Station, Fujian Research Institute of Light Industry,
China. Mycelia of the fungi were cultured in liquid po-
tato dextrose agar (PDA) medium for 14 days at 24 °C
and then divided into two halves. One half was continu-
ously cultivated at 24 °C, and the other at 34 °C for 12 h
to induce expression of the thermotolerance-related
genes.

RNA extraction and reverse transcription

Total RNA was extracted from the fungi cultured at
different temperatures by the CsCl, density centrifugati-
on as described by Sambrook et al. (4). For reverse tran-
scription, 0.2 pg of total RNA samples were mixed by
pipetting gently with 4 pmol of reverse transcriptional
primer AP3 (ACGACTCACTATAGGGCTTTTTTT
TTTTTGG) in a nuclease-free microcentrifuge tube. The
samples were then heated to 70 °C for 5 min and chilled
rapidly with ice. The samples were then mixed with 7.8
pL of 5xSuperScript II RT Buffer, 2 uL of DTT (100
mmol/L), 2 ul. of dNTPs (10 mmol/L), 7.8 uL of nucle-
ase-free water, and 0.2 uL of (200 U/uL) SuperScript 11
Reverse Transcriptase, as suggested by the manufac-
turer (Invitrogen). The reverse transcription was then
performed by incubation first at 42 °C for 5 min, and
then at 50 °C for 50 min. Finally, the reaction was termi-
nated by heat inactivation at 70 °C for 15 min (5).

DD-PCR reaction

Each reaction contained 20 pL of reaction mixture,
which included 2 pL of the first strand cDNAs directly
from the reverse transcription, 2 pL of 10 x PCR buffer, 2
pL of MgCl, (25 mmol/L), 1.6 uL of dNTPs (10
mmol/L), 2 pL of TMR-3' oligo(dT) primer (2 umol/L), 2
pL of random amplification primer (as indicated in Ta-
ble 1), 10.2 uL of distilled water, and 0.2 uL. (5 U/uL) of
Taq DNA polymerase. Five separate reactions were car-
ried out and each TMR of the 5 primers is indicated in
Table 1. The reaction mixtures were incubated at 95 °C
for 2 min. Then the PCR was carried out by incubation
following a sequence of 92 °C for 15 s, 50 °C for 30 s,
and 72 °C for 2 min for 4 cycles, followed by 30 cycles at
92 °C for 15 s, 60 °C for 30 s, and 72 °C for 2 min. A fi-

Table 1. Sequences of random primers for DD-PCR

Primer Nucleotide sequence

M13r-ARP9  ACAATTTCACACAGGATAAGACTAGC
M13r-ARP10  ACAATTTCACACAGGAGATCTCAGAC
M13r-ARP11  ACAATTTCACACAGGAACGCTAGTGT
M13r-ARP12  ACAATTTCACACAGGAGGTACTAAGG
M13r-ARP17  ACAATTTCACACAGGACTGCTAGGTA

nal incubation at 72 °C for 7 min (5) terminated the re-
action.

Immediately after PCR amplification, 7 uL. of sam-
ple were mixed with 4 pL of fluorescence DNA sequenc-
ing loading solution. After incubation at 95 °C for 2 min,
samples were separated on a 4.5 % HR-1000 denaturing
gel (GX 403). The gel was dried with a Gennomyx LR
Sequencer. The DNA bands were visualized with a

AP3 ] AP4 M

ARP9 ARP10 ARP11 ARP12 ARP17 ARPY ARP10 ARP11 ARP12 ARP17
3456 7

91011121314151617181920 M

. =

Fig. 1. The TMR-fluorescence-based differential display of A.
bisporus strain 02 cultivated at different temperatures
Numbers 1, 3, 5, 7, 9 — RNA samples cultivated at 24 °C
Numbers 2, 4, 6, 8, 10 - RNA samples cultivated at 32 °C

M - Fluoro-marker in TMR-fluorescent anchored primer
adaptor kit

Differential fragments are marked with arrow
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GENOMYX SC fluorescent scanner, and then target identify the potential thermotolerant RNAs. TMR-fluo-

bands were excised for further amplification. rescent labeled primers were used to facilitate

visualization of the PCR products. The differential dis-
Re-amplification, cloning and sequencing of play of fluorescence-labeled products was identified
differentially displayed DNA fragments with a fluorescent scanner (Fig. 1). Each result was re-

The differentially displayed bands were excised ~ peated twice under the same conditions.

from the gel and the DNA fragments were extracted
from the gel slices by soaking the gel with 100 uL of TE
buffer in microcentrifuge tubes, and then precipitated
with ethanol. After washing, 5 pL. of each sample was
used for re-amplification. The reaction was carried out
as described above. The candidate cDNAs were cloned
into plasmid pMD18-T vector (4), and customer se-
quenced by Bio-Asia (Shanghai) Co.

Two fragments, identified from the product of Ap3-
-ARP11 amplification, were differently displayed when
the mycelia were grown at 34 °C and were designated
as 023-11A and 023-11B. The DNA fragments were re-
covered from the gel and cloned into pMD18-T vector.
The sequences of both fragments were determined (Figs.
2 and 3). The sequences were compared with the NCBI
database of GENEBANK and the NR gene bank to de-
termine sequence similarity with known sequences. The

Results and Discussion results in Figs. 4 and 5 indicate that the sequence of
fragment 023-11A is novel. Interestingly, the sequence
The expression of RNAs was higher at 34 than at 24 showed similarity in amino acid sequence to the car-

°C. To identify these RNAs, the RNA samples from my-  boxyl-terminal proteinase gene of Arabidopsis thaliana
celia cultured at 24 and 34 °C were extracted. The (identities = 31 %; positives =47 %) (6), suggesting that
HIEROGLYPH™ mRNA Profile Kit was employed to fragment 023-11A might encode a protease. Fragment
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Fig. 2. The DNA sequence and the possible ORFs of differential fragment 023-11A
* —Terminal codon
__— Homology sequence to partial carboxyl-terminal proteinase gene of A. thaliana
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Fig. 3. The DNA sequence and the possible ORFs of differential fragment 023-11B
* — Terminal codon
__ — Homology sequence to partial karyopherin docking complex of the nuclear pore complex gene of S. cerevisiae

023-11B shares a high similarity in amino acid sequence ers. The 5 primers in Table 1 could theoretically be used
with karyopherin docking complex of the pore complex for amplification of almost all eukaryotic mRNAs. Ran-
gene of Saccharomyces cerevisiae (identities =24 %; posi- dom sequence of 10-bp oligonucleotides was also linked
tives =45 %) (7). to the M13 general primer at 5-terminal. A fluoro-DD-

-PCR technique was used for monitoring temperature
for genes of spawns of a thermotolerant strain 02. The
fluoro-DD-PCR is more sensitive than the extraction and
purification of dsRNA from the treated material fol-
lowed by gel electrophoresis, and is not limited to
sporophores.

DD-PCR has been widely used to isolate differen-
tially expressed genes between normal and abnormal
mammal cells since it was first reported in 1992. Here
we report a usage of fluoro-DD-PCR, in which the label-
ing radioactive isotope is substituted with the fluo-
rescein so that the PCR products can be visualized with
a fluorescent scanning. This allows efficient and effec- The fragment 023-11A contained an open reading
tive isolation and the analysis of DD-PCR products. The frame of 47 codons, which shared a similarity of 31 % in
primers for both reverse transcription and PCR were nucleotide sequence with the 3’-end non-coding region
also modified. The sequence of T7 promoter with TMR of A. thaliana protease. In addition, the open reading
on the 5-terminal oligo-T was used in the anchor prim- frame of 023-11A was in the opposite direction of the A.
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Fig. 4. The comparison of homology between 023-11A partial sequence and partial carboxyl-terminal proteinase gene of A. thaliana

+ Positive site; -- Gap site

Score = 32.8 bits (73), Expected = 2.7, Frame = +3

Identities = 18/57 (31 %), Positives = 27/57 (46 %), Gaps = 10/57 (17 %)
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Fig. 5. The comparison of homology between 023-11B partial sequence and partial karyopherin docking complex of the nuclear pore

complex gene of S. cerevisiae
+ Positive site; -- Gap site
Score = 31.3 bits (69), Expected = 5.6 Frame = +3

Identities = 28/114 (24 %), Positives = 52/114 (45 %), Gaps = 10/114 (8 %)

thaliana protease. Additional experiments are needed to
characterize the gene and to identify the function of the
protein.

The fragment 023-11B also had an open reading
frame that shared 24 % similarity with yeast karyophe-
rin, a component protein of the docking complex in the
nuclear pore complex. The potential product of this
open reading frame shared 45 % identity with the yeast
karyopherin in amino acid sequence (7), suggesting that
023-11B is the counterpart of yeast karyopherin. The
karyopherin docking complex of nuclear pore complex
is important for transportation of proteins between the
nucleus and cytoplasm of cells (8,9). It is possible that
the cell needs to increase nuclear-cytosol trafficking at
high temperature. In that case increased expression of
karyopherin may be essential for cell to survive at high
temperature. More experiments are needed to verify
whether 023-11B encodes the karyopherin docking com-
plex of the nuclear pore complex, and whether high ex-
pression of 023-11B contributes to thermotolerance of
the organism.

In search of thermotolerance-related genes in A.
bisporus, we focused on the differences of RNA tran-
scription of the mushroom. Organisms always have dif-
ferences in their gene expression under stress environ-
ment. The response of high temperature is known as
heat shock response (HSR), which appears as a series of
transcription and translation of Heat Shock Protein
(HSP) genes. Generally, HSPs are molecular chaperones
that participate in a variety of cellular functions, includ-
ing protein folding and transport, and the repair of
stress-induced damage. In our research, we discovered a

karyopherin docking complex showing similarity to the
counterpart of Saccharomyces cerevisize. We also note that
new reports show that karyopherin family can act as
»chaperones« to sequester crucial factors for spindle for-
mation (10). We suggest that to respond to the high tem-
perature inducement, some proteins are over-expressed
and linked to the increase of transport from plasmids
into nucleus. As proteins of karypherin family play a
central role in nucleocytoplasmic transport, karypherins
may be related to stress response of A. bisporus.

As a preliminary research about thermotolerance-re-
lated genes of A. bisporus, we cannot affirm that these
two genes have the direct relationship with thermotole-
rant feature of white mushrooms. More experiments are
still needed to prove that these genes are expressed at a
detectable level or are specifically related to the induce-
ment of high temperature.
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Identifikacija dvaju srodnih termotolerantnih gena
u Agaricus bisporus

Sazetak

Da bi se karakterizirali srodni termotolerantni geni u A. bisporus, soj 02, upotrijebljen
je diferencijalni postupak PCR (DD-PCR) radi analize svih ekstrahiranih RNA uzoraka do-
bivenih iz micelija uzgojenih pri razlic¢itim temperaturama. Zasada su klonirana dva djelo-
mic¢na DNA fragmenta (023-11A i 023-11B), a njihova je ekspresija usporedena s tempera-
turom uzgoja. Utvrdene su sekvencije tih dvaju DNA fragmenata. Pokazalo se da je
nepoznata sekvencija nukleotida DNA fragmenta 023-114, a fragmenta 023-11B vrlo sli¢na
sekvenciji nukleotida (identi¢nost 24 %, sigurnost 45 %), u genu koji kodira kompleks ve-
zanja karioferina na kompleks pore nukleusa u Saccharomyces cerevisiae. Postoji mogucnost
da se ta dva fragmenta koriste za daljnje utvrdivanje cjelokupnih sekvencija kodiranja, sto
bi se moglo upotrijebiti za proizvodnju novih termotolerantnih sojeva gljive transgenskom
tehnikom.



