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The enhanced green fluorescent protein (GFP) gene (egfp) was used as a reporter of gene expression driven
by the glyceraldehyde-p-dehydrogenase (gpd) gene promoter and the manganese peroxidase isozyme 1 (mnpl)
gene promoter in Phanerochaete chrysosporium. Four different constructs were prepared. pUGGM3' and pU-
GiGM3'’ contain the P. chrysosporium gpd promoter fused upstream of the egfp coding region, and pUMGM3’
and pUMiGM3'’ contain the P. chrysosporium mnpl promoter fused upstream of the egfp gene. In all constructs,
the egfp gene was followed by the mnpl gene 3’ untranslated region. In pUGGM3’ and pUMGM3’, the
promoters were fused directly with egfp, whereas in pUGIiGM3’ and pUMiGM3'’, following the promoters, the
first exon (6 bp), the first intron (55 bp), and part of the second exon (9 bp) of the gpd gene were inserted at
the 5’ end of the egfp gene. All constructs were ligated into a plasmid containing the ural gene of Schizophyllum
commune as a selectable marker and were used to transform a Urall auxotrophic strain of P. chrysosporium to
prototrophy. Crude cell extracts were examined for GFP fluorescence, and where appropriate, the extracellular
fluid was examined for MnP activity. The transformants containing a construct with an intron 5’ of the egfp
gene (pUGIGM3’' and pUMiGM3’) exhibited maximal fluorescence under the appropriate conditions. The
transformants containing constructs with no introns exhibited minimal or no fluorescence. Northern (RNA)
blots indicated that the insertion of a 5’ intron resulted in more egfp RNA than was found in transformants
carrying an intronless egfp. These results suggest that the presence of a 5’ intron affects the expression of the
egfp gene in P. chrysosporium. The expression of GFP in the transformants carrying pUMiGM3’ paralled the
expression of endogenous mnp with respect to nitrogen and Mn levels, suggesting that this construct will be

useful in studying cis-acting elements in the mnpl gene promoter.

The white rot basidiomycete Phanerochaete chrysosporium
has been the focus of numerous studies of the degradation of
the plant cell wall polymer lignin (14, 19, 30) and various
aromatic pollutants (10, 22, 42, 43). Under ligninolytic condi-
tions, this fungus secretes two families of peroxidases, lignin
peroxidase (LiP) and manganese peroxidase (MnP), along with
an H,0,-generating system, which are the major components
of its extracellular lignin-degrading system (16, 19, 21, 28, 30,
51). MnP is an H,O,-dependent, heme-containing glycopro-
tein with an M, of ~46,000 which oxidizes Mn(II) to Mn(III)
(6,21, 38, 40, 47, 48, 50); the latter acts as a diffusible mediator
in the oxidation of lignin model compounds (6, 16, 50, 51).

The production of the idiophasic proteins MnP and LiP is
activated by the depletion of nutrient nitrogen in culture (13,
19, 33, 40, 49). In addition, production of the MnP protein is
dependent on, and transcription of the mnp gene is activated
by, the presence of Mn(II) in the culture medium (7, 8, 15, 19).
Production of MnP is also activated by oxidative stress (32) and
heat shock (9). The promoter regions of the P. chrysosporium
mnp genes contain several putative cis-acting elements which
may be responsible for regulation in response to these envi-
ronmental factors (2, 13, 18, 19). To study the regulation of
genes encoding lignin-degrading enzymes, a suitable gene re-
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porter system is required. Previously, we developed a reporter
system based on the orotidylate decarboxylase gene from
Schizophyllum commune (17). While this reporter system is
sufficient for reporting the regulation of mnp by Mn(II) and
nutrient nitrogen levels, the assay is complicated and uses a
radioactive substrate.

Green fluorescent protein (GFP) from Aequorea victoria has
several advantages as a gene reporter system, and the en-
hanced gfp gene (egfp) contains a G + C content of 59%, which
is the same as that of the P. chrysosporium genome (11, 12, 41).
Furthermore, GFP can be used for monitoring both gene tran-
scription and protein localization (11). In this work, we report
that the GFP system faithfully reports gene expression when it
is driven by the glyceraldehyde-p-dehydrogenase (gpd) or the
mnp gene promoter from P. chrysosporium; however, efficient
expression is observed only when an intron is inserted within

the egfp gene.

MATERIALS AND METHODS

Organisms. P. chrysosporium OGC101 and the auxotrophic Urall strain were
maintained as described previously (1, 4). Escherichia coli strain DH5«a was used
for subcloning plasmids.

Construction of transformation vectors. The P. chrysosporium Ura transfor-
mation vector (pUB) contained the full coding region of the S. commune ural
orotidylate decarboxylase gene, including 200 bp of the promoter region, and was
constructed as described previously (45).

Construction of pUGGM3'. The pUGGM3' construct (no intron) contains the
P. chrysosporium gpd promoter (36), the egfp gene coding sequence (CLON-
TECH) (39), and 250 bp of the mnp! 3’ untranslated region (UTR) immediately
following the stop codon. The gpd promoter was modified to contain a Kpnl site
5 bp upstream of the translation start site. With a forward primer 5" upstream of
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the native BamHI site and a reverse primer located 5 bp upstream of the
translation start site containing the introduced Kpnl site, a BamHI-Kpnl PCR
fragment was prepared. This fragment replaced a BamHI-Kpnl fragment of the
pGPD stul.8 sequence, which had been constructed previously (36). The entire
1.14-kb gpd promoter, containing an Xbal-Kpnl fragment, was subcloned into
pUCI18 for further use.

The coding region of the egfp gene and the 3’ end of the mnpl gene (18) were
fused at the stop codon using the megaprimer method in a two-step reaction. A
250-bp megaprimer was prepared in an initial PCR using the mnpl gene as a
template. The forward primer contained 18 nucleotides (nt) encoding the 6
C-terminal amino acids of GFP and a stop codon (TAA) followed by 13 nt
encoding the proximal end of the mnpl 3" UTR. The 18-nt reverse primer
(ncMR1) annealed 250 bp downstream of the mnpl gene stop codon and in-
cluded a new EcoRlI site at its 5’ end. The megaprimer was purified by agarose
gel electrophoresis and extracted using a gel extraction kit (Qiagen). A second
PCR mixture contained pEGFPC-3 (CLONTECH) as the template. The forward
primer contained the 5" end of the gfp coding region with a new 5’ Kpnl site 4 nt
upstream of the translation start codon. The second PCR mixture also contained
the megaprimer described above and the reverse primer used in the first PCR
step (ncMR1). The final PCR product was a 1.0-kb fragment containing the gfp
coding sequence fused to the mnpl 3" UTR. This PCR fragment was extracted
with CHCl,, precipitated with ethanol, digested with both KpnI and EcoRI, and
purified by gel electrophoresis. The Kpnl-EcoRI (gfp-mnp) fragment and the
Xbal-Kpnl gpd promoter fragment described above were then ligated into the
Xbal- and EcoRI-digested pUB expression vector in a three-way ligation to yield
pUGGM3’ (Fig. 1).

pUGiGM3'. The pUGIGM3'’ construct (5’ intron) contained the gpd promoter
sequence followed by the fragment iGM3’, which includes, from 5’ to 3’, gpd’s
exon 1 (6 bp), intron 1 (55 bp), the 5" end of exon 2 (9 bp), the egfp coding
sequence (717 bp), and the mnpl 3’ UTR ending at the EcoRI site. In the first
PCR for constructing the megaprimer, the template was pGPD stul.8, con-
structed from the gpd gene of P. chrysosporium as described previously (36). The
18-nt forward primer contained a native HindIII restriction site located 170 bp
upstream of the translation start codon. The 36-nt reverse primer included an
18-nt nonhybridizing tail encoding the 6 N-terminal amino acids of GFP, exclud-
ing the start codon, followed by 9 nt encoding 3 amino acids at the beginning of
the second exon of gpd, followed by 9 nt encoding the 3’ end of intron 1 of gpd
(23, 36). The 260-bp megaprimer PCR product was amplified and gel purified.
The second PCR used pGM3’ as a template. pGM3’ was constructed by sub-
cloning the Kpnl-EcoRI fragment from pUGGM3'’ into Kpnl- and EcoRI-di-
gested pUCI18. The reaction also contained the same forward primer used in the
first PCR, the ncMR1 reverse primer, and the megaprimer. The 1.3-kb final PCR
product was amplified and gel purified as a HindIII-EcoRI fragment. pGPD
stul.8 was doubly digested with Xbal and HindIIl. The Xbal-HindIIl gpd pro-
moter fragment and the HindIII-EcoRI PCR fragment were ligated to Xbal- and
EcoRlI-digested pUB in a three-way ligation.

pUMGMB3'. The pUMGM3’ construct is similar to pUGGM3’, except that the
gpd promoter is replaced by the mnpl promoter. The mnpl promoter and egfp
were fused at the start codon using the megaprimer method in a two-step PCR.
In the first PCR, we constructed a 158-bp megaprimer containing 140 bp of the
3" end of the mnpl promoter followed by 18 bp of the 5’ end of egfp. This
megaprimer was used in the second PCR with pUGGM3'’ as the template. A
1.1-kb fragment which contains 140 bp of the 3’ end of the mnpI promoter fused
with the entire egfp and mnpl 3" UTR ending at an EcoRI site was produced.
This fragment was cut at a native AvrII site located at the 3" end of the mnpl
promoter and the EcoRI site. The AvrII-EcoRI fragment was exchanged with the
AvrTI-EcoRI fragment in pMO (17), yielding pMGM3'. Finally, the whole con-
struct MGM3', containing 1.5 kb of the mnpl promoter, the egfp coding region,
and the mnpl 3" UTR, was isolated as an Sphl-EcoRI fragment and inserted into
pUB to yield pUMGM3'.

pUMiGM3'. The construct pUGIGM3’ was modified to produce pUMiGM3’
by replacing the gpd promoter with the mnpl promoter, using the megaprimer
method in a two-step PCR. In the first step, a 158-bp megaprimer which includes
140 bp of the 3’ end of the mnpI promoter followed by 18 bp of the 5’ end of
iGM3’ was produced as described above. This megaprimer was used in the
second PCR with pUGIGM3’ as the template. The final product was a 1.15-kb
fragment containing 140 bp of the 3’ end of the mnpI promoter fused with the
entire iGM3’ sequence (see above). An AvrII-EcoRI digest was performed, and
the isolated AvrII-EcoRI fragment was exchanged with the AvrII-EcoRI frag-
ment in pMO (17), yielding pMiGM3'. Finally, the MiGM3' fragment, contain-
ing 1.5 kb of the mnpl promoter followed by iGM3', was isolated as an Sphl-
EcoRI fragment and inserted into pUB to yield pUMiGM3’ (Fig. 1).
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Fungal transformations. Protoplasts (2 X 10°) of the P. chrysosporium Urall
strain (1) and ~2 pg of each plasmid construct linearized at the unique EcoRI
site were used for each transformation as described previously (1, 5, 19), and
prototrophic colonies growing in the absence of uracil were selected on plates.
Approximately 50 Ura™ transformant colonies obtained for each vector were
reexamined for their ability to grow on minimal medium in the absence of uracil
and were subsequently purified by fruiting and basidiospore plating as described
previously (3, 5).

Culture conditions. Transformants carrying pUGGM3’ and pUGiGM3’ were
grown at 37°C in stationary culture from a conidial inoculum in 250-ml flasks,
containing 20 ml of medium containing Kirk’s salts, 2% glucose, and 24 mM
ammonium tartrate (high carbon, high nitrogen [HCHN]) in 20 mM sodium
succinate (pH 4.5) (31, 36). The mycelia from 40-h-old liquid cultures were
filtered through Miracloth (Calbiochem), dried between layers of paper towel,
frozen in liquid nitrogen, and stored at —80°C. For each transformant, the
mycelia from each of three flasks were frozen and processed separately.

Transformants carrying pUMGM3’ and pUMiGM3’ were grown at 37°C from
conidial inocula in 20-ml stationary cultures of high-carbon, low-nitrogen
(HCLN) (2% glucose, 1.2 mM ammonium tartrate, and Kirk’s salt) (31) medium
in the presence or absence of 180 pM MnSO, in 250-ml Erlenmeyer flasks.
Cultures were incubated under air for 4 days and then purged with 100% O, at
48-h intervals. Normally, 7-day-old cultures were harvested as described above,
and the extracellular MnP activity and intracellular fluorescence were assayed.
For the time course experiment, the cells were harvested on days 4, 5, 6, 7, and
8. For the Mn induction experiment, cultures were grown for 4 days under air in
HCLN or HCHN medium without Mn at 37°C. On day 5, 180 puM MnSO, was
added, cultures were purged with O,, and the cells were harvested after addi-
tional 12-, 24-, 36-, or 48-h periods.

Intracellular GFP determination. Mycelia were homogenized with 1 g of
acid-washed glass beads in a minibead beater (Biospec) in a buffer containing 10
mM Tris-Cl (pH 8.0), 10 mM EDTA, and 0.002% NaN;. The mixture was
centrifuged at 10,000 X g at 4°C. The supernatant was decanted and assayed for
protein concentration by the bicinchoninic acid method (Sigma) (44). The crude
supernatant was diluted to 1 mg of protein per ml, and a fluorescence spectrum
(500 to 600 nm) was determined using a 488-nm excitation wavelength with an
SLM Aminco 8000C spectrofluorometer. Maximum fluorescence occurred at
~509 nm.

RNA extraction and Northern blotting. Filtered and dried P. chrysosporium
mycelia (100 mg) were homogenized in Tri-reagent (Sigma) with 1 g of glass
beads as described previously (9). RNA was extracted as described in the pro-
tocol supplied with the reagent. The RNA pellet was resuspended in 4 M LiCl
and kept at 4°C for 4 h. After microcentrifugation at 10,000 X g, the pellet,
containing high-molecular-weight RNA, was washed with ethanol, dissolved in
0.5% sodium dodecyl sulfate, and stored at —80°C. After spectrophotometric
quantitation at 260 nm, the RNA (20 g per lane) was denatured in the presence
of 2.2 M formaldehyde for 15 min at 68°C and electrophoresed in a denaturing
(0.6 M formaldehyde, 1% agarose) gel. Northern blotting was performed as
described previously (9, 33). The coding region of the egfp gene was used as a
template for randomly primed synthesis of [a->*P]dCTP probes using a Multi-
prime DNA labeling kit (Amersham). Probed RNA blots were washed and
exposed to XAR-5 X-ray film.

Southern blotting. DNAs from two transformants for each construct and two
control transformants containing only the pUB 1.7 vector were extracted as
described previously (3), digested with BamHI, gel electrophoresed, and trans-
ferred to nylon membranes. The Nhel-HindIlI fragment containing the egfp gene
was labeled with [a-*?P]-dCTP. Southern hybridization and autoradiography
were performed as described previously (3).

Fluorescence microscopy. P. chrysosporium mycelia were grown on microscope
coverslips and observed in a Leica model TCS SP microscopic system with
appropriate fluorescein isothiocyanate filters (Leica Microsystems, Heidelberg,
Germany). Normal phase-contrast images of each sample were used as controls.
The digital image was further processed using Photoshop 5.0 (Adobe).

RESULTS

Expression plasmids. As shown in Fig. 1A, four different
expression constructs were made: pUGGM3', pUGIGM3’,
pUMGM3’, and pUMiIGM3'. pUGGM3’ contains the gpd
gene promoter, followed by the egfp gene and then the mnp1 3’
UTR. pUGIGM3’ contains the gpd promoter, followed by the
iGM3'’ sequence containing the first intron of the gpd gene just



950

MA ET AL.
(A)

pUGGM3'

pUGIGM3’

pUMGM3'

pUMIGM3'

(B)

(©
pUMGM3'

pUMIGM3'

pUGIGM3'

APPL. ENVIRON. MICROBIOL.

Xbal Hindit  Kpnl mnp1 3 Ecoi
eglp UTR

[ gpd_promoter

|
i mnp1 promoter R R ———

| mnp T promoter

ind It

pUGGM3'
6267 bp A~ Kpnl

mnp 3' end

\EcoR |

...aacggcttgg tattccag ATG GTG AGC AAG...
...aacggcttgg tattccag ATG CCG gtcagtacac cacacagcce

gaccgegacg accgegtget gacttegett tccag GTC AAA GCA
GTG AGC AAG...

...cccctacact acttgaac ATG CCG gtcagtacac cacacagccc

gaccgcgacg accgegtget gacttegett tccag GTC AAA GCA
GTG AGC AAG...

FIG. 1. (A) Maps of egfp constructs used for transformations. The black boxes represent the first intron from the gpd gene (55 bp). The hatched
boxes 3’ and 5’ to the intron represent the coding sequence of the gpd gene. The positions of the gpd promoter (white), the mnpl promoter (white),
the egfp gene (checkered), and the mnpl 3’ UTR (horizontally striped) are indicated. (B) Restriction map of pUGGM3’, containing the gpd
promoter, egfp coding region, and mnp 3' UTR in pUB. The positions of these gene fragments with respect to the ural and the ampR genes are
indicated and were the same in the other constructs. (C) Sequences surrounding and including the 5’ inserted intron in pUGIGM3’ and
pUMGIGM3'. pUMGM3' is used as a control. The 5’ mnp and the 5’ gpd UTR sequences are in lowercase. The intron sequences are in lowercase
and are underlined. The two short gpd coding sequences are in bold uppercase, and the gfp sequences are in uppercase.
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FIG. 2. Bar graph showing the fluorescence emission intensity at
509 nm of transformants carrying the various constructs shown in Fig.
1. Transformants exhibiting the highest fluorescence intensity for each
construct were grown at 37°C for 40 h as described in the text. Crude
extracts from triplicate cultures of the various transformants were
prepared, and fluorescence was measured as described in the text. The
means and deviations of triplicate values are shown.

5" of egfp, as described above. pUMM3' is similar to pUGGM3’
except that the mnp gene promoter replaces the gpd gene pro-
moter. pUMiIGM3’ contains the mnpl gene promoter, fol-
lowed by the iGM3’ sequence as described above. All four
constructs were placed in pUB (45), which contains the S.
commune ural gene as a selectable marker, as illustrated for
pUGGM3’ in Fig. 1B. All four constructs were sequenced to
confirm that no sequencing errors were introduced during the
PCRs. The sequences spanning the intron junction are shown
in Fig. 1C.

Transformation and characterization of transformants. Trans-
formation of the Urall mutant strain, with the series of gfp
expression vectors containing the constructs shown in Fig. 1,
resulted in the isolation of ~50 prototrophic transformants per
2 ng of DNA of each expression vector. The transformants,
containing pUGGM3’ and pUGIGM3'’, were grown in station-
ary culture at 37°C, in 20 ml of HCHN medium (31, 36). After
40 h, the cells were filtered and broken and the fluorescence
intensity of the cytosolic fraction was measured. The transfor-
mants containing pUMGM3’ and pUMiGM3’ were grown at
37°C in stationary cultures containing 20 ml of HCLN medium
in the presence and absence of 180 wM MnSO, for 7 days. The
cells were filtered, broken, and examined for fluorescence in-
tensity in the cytosolic fraction. In addition, the extracellular
MnP activity was measured as described previously (51). Un-
der both experimental conditions, the background fluores-
cence shown in transformants carrying only pUB, the expres-
sion vector, was also determined. Only the transformants
exhibiting more than three times-the background fluorescence
were considered to express gfp. None of the transformants
carrying the pUGGM3’ or the pUMGM3'’ construct exhibited
significant fluorescence under the experimental conditions. In
contrast, approximately 50% of the transformants containing
constructs with introns (pUGIGM3’ and pUMiGM3’) pro-
duced GFP. The other 50% probably contained inserts in a
nonexpressible location. Among the transformants carrying
pUMGM3’ and pUMIGM3’, ~80% exhibited extracellular
MnP activity.
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FIG. 3. Northern blot analysis of transformants carrying various
constructs. The two transformants exhibiting the highest fluorescence
intensity for each construct were grown as described in the text. The
preparation of the Northern blot was as described in the text. (A) The
blot was probed with the *?P-labeled gpd gene. (B) The blot was
probed with the labeled coding sequence of the egfp gene. Lanes 1 and
2, T-5 and T-28 carrying pUGGM3’ with no intron; lanes 3 and 4, T-5
and T-11 carrying pUGiGM3' with the 5" intron; lane 5, pUB control
vector with no egfp insert.

The fluorescence spectra of each transformant exhibited a
maximum at 509 nm and a weak shoulder at 545 nm when
excited at 488 nm, which is identical to the spectrum of the
standard recombinant EGFP protein (data not shown). The
two transformants exhibiting the highest fluorescence at 509
nm for each expression vector were used for further analysis.
The bar graph (Fig. 2) shows the fluorescence peak at 509 nm
for the most fluorescent transformants carrying expression
plasmids. The transformants carrying the pUGIGM3’ con-
struct, which contains an intron 5’ of egfp (T-19 and T-23),
exhibited high levels of fluorescence, whereas the transfor-
mants containing pUGGM3’ (T-5 and T-28) exhibited fluores-
cence at only background levels. The transformants carrying
the construct containing the mnp promoter and the 5 intron
(pUMiGM'3) (T-5 and T-11) also expressed GFP at high lev-
els, whereas the transformants containing pUMGM3’ (T-3 and
T-27) expressed GFP at only background levels. This result
suggests that the presence of the introduced intron is impor-
tant for maximal production of the GFP protein.

Northern blots of transformants of pUGGM3’ and
pUGiGM3'. A Northern blot of total RNA from the cultures of
the two most fluorescent transformants carrying pUGGM3’
and pUGIGM3’ was probed with the egfp gene (Fig. 3). The
weak band from transformants containing pUGGM3' suggests
very weak transcription and/or very low stability of the egfp
mRNA. In contrast, a high level of egfp mRNA is seen in the
transformants carrying pUGiGM3’, which contains an intron
(Fig. 3). The same RNA was also probed with the radiolabeled
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FIG. 4. (A) Fluorescence micrograph of mycelium containing the plasmid pUGiGM3’ (5" intron). The green color in the mycelium is due to
GFP. Control transformants such as pUGGM3’ did not fluoresce significantly (data not shown). (B) Phase-contrast image of the same mycelium.

The bar indicates 20 pm.

DNA of the gpd gene, which is constitutively expressed, to
determine the quality of the total RNA sample.

Southern blotting results confirmed that all of the transfor-
mants examined as described above contained the egfp gene,
and there were no obvious differences in the egfp gene copy
numbers among these transformants containing different egfp
constructs (data not shown).

Fluorescent mycelia. Figure 4A shows a fluorescent micro-
graph of transformed mycelia carrying the 5’ intron construct
pUGIGM3’ (T-23). It is apparent that the green fluorescence
of GFP is located within the mycelium. Figure 4B shows a
phase-contrast image of the same mycelium. Transformants
containing pUGGM3’ did not exhibit green fluorescence un-
der the same conditions (data not shown). Transformants con-
taining pUMiGM3’ also fluoresced, while transformants con-
taining pUMGM3’ did not (data not shown).

Effect of Mn on expression of gfp and mnp in culture. Time
courses for the appearance of intracellular GFP and extracel-
lular MnP activity are shown in Fig. 5. Cultures of transfor-
mant T-5 carrying pUMiGM3'’ grown with no exogenous Mn
had no detectable MnP activity through day 8 and had negli-
gible expression of GFP during the same period. In contrast,
cultures grown in the presence of 180 uM Mn exhibited both
MnP activity and GFP fluorescence, which first appeared on
day 4 and were present through day 8. MnP activity peaked on
day 5, while GFP fluorescence continued to increase through
day 8. Apparently, the GFP mRNA or protein is more stable
than the MnP mRNA or protein under these conditions. Cells
of transformants carrying the pUMGM3’ construct expressed
no detectable fluorescence under any of these conditions (data
not shown). These experiments were performed in triplicate,
and the deviations are shown in Fig. 5.

The Mn induction of MnP activity and GFP fluorescence is
shown in Fig. 6. In this experiment, the pUMiGM3’ transfor-

mant (T-5) was grown for 5 days in HCLN medium in the
absence of Mn, after which Mn was added to the experimental
cultures. Neither significant MnP activity nor GFP fluores-
cence was detected in cultures without Mn. After the addition
of Mn on day 5, MnP activity was observed and reached a
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FIG. 5. Effect of Mn supplementation on the production of extra-
cellular MnP and intracellular GFP. Nitrogen-limited cultures of trans-
formant T-5 were grown in the presence of 180 um Mn or no addi-
tional Mn from a conidial inoculum as described in the text. MnP
activity from duplicate cultures in the presence of 180 uM (A) or <1
wM (A) Mn and GFP fluorescence from duplicate cultures grown in
the presence of 180 pM (m) or <1 pM (O) Mn were assayed as
described in the text. Experiments were run in triplicate, and the
deviations are shown.
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FIG. 6. Induction of extracellular MnP activity and intracellular
GFP by Mn. Nitrogen-limited or nitrogen-sufficient, Mn-deficient cul-
tures of transformant T-5 were grown for 5 days, after which 180 pM
MnSO, was added to the experimental flasks. GFP fluorescence in
nitrogen-limited cultures induced with Mn (@) or not induced ((J) and
in nitrogen-sufficient cultures induced with Mn (®) was assayed as
described in the text. MnP activity in nitrogen-limited cultures induced
with Mn (A) or not induced (A) and in nitrogen-sufficient cultures
induced with Mn (O) was assayed as described in the text. Experiments
were run in triplicate, and the deviations are shown.

maximum after ~24 h, slowly declining thereafter. This is sim-
ilar to our previous results with the wild-type strain (7-9). In
parallel with the appearance of MnP activity, GFP fluores-
cence steadily increased for 36 h after the addition of Mn and
leveled off thereafter. Apparently, the GFP protein or mRNA
is somewhat more stable than MnP protein or mRNA under
these conditions. Transformant T-5 carrying pUMiGM3’ was
also grown in HCHN medium and exhibited no MnP activity or
GFP fluorescence even after the addition of Mn. All experi-
ments were performed in triplicate, and the deviations are
shown in Fig. 6.

Effect of Mn on the expression of GFP and MnP mRNA in
cells transformed with pUMiGM3'. Total RNA from 5-day-old
stationary cultures of transformant T-5 carrying pUMiGM3' in
HCLN media with 180 uM MnSO, or with no Mn was probed
with the egfp gene and mnpl cDNA (Fig. 7). Both the mnpl
and egfp mRNAs were observed only in the cultures with added
Mn?*. The same RNAs were also probed with the constitu-
tively expressed gpd gene to show the quality and quantity of
the total RNA sample. These data suggest that the expression
of both the endogenous mnp- and exogenous gfp-encoding
mRNAs of transformants carrying pUMiGM3’ is most likely
affected by Mn at the transcriptional level in transformants
carrying pUMIGM3’ (8, 15, 17).

DISCUSSION

The activities of LiP and MnP, two major components of the
lignin-degrading system, are detectable in extracellular culture
media only during the secondary metabolic phase of growth
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FIG. 7. Effect of Mn supplementation on the expression of
MiGM3’ at the RNA level. Nitrogen-limited cultures of T-5 were
grown in the presence and absence of Mn. RNA was extracted, sepa-
rated by electrophoresis, transferred to a membrane, and probed as
described in the text. (A) Northern blots probed with the gpd gene; (B)
Northern blots probed with the mnpl gene, showing RNA from en-
dogenous genes; (C) Northern blots probed with the gfp gene. Lanes 1
and 2 contain RNA from transformant T-1 carrying the control plas-
mid pUB; lanes 3 and 4 contain RNA from transformant T-5 carrying
pUMiGM3'’; lanes 2 and 4 contain RNA from cells growing in the
presence of 180 wM Mn; lanes 1 and 3 contain RNA from cells grown
in the absence of exogenous Mn.

(19, 30, 31, 33). Our earlier studies indicated that MnP activity
and mnp RNA are observed only in nitrogen-limited cultures
in the presence of Mn(II) (7, 8, 15, 19).

To further examine the regulation of mnp gene expression,
a suitable gene reporter system is required. The gfp gene from
A. victoria has been used in numerous studies as a reporter of
gene expression and protein localization (11, 12) and has been
expressed in several fungal systems (11, 26, 34, 46). The com-
mercial A. victoria egfp gene contains no introns. In contrast, all
sequenced genes from the basidiomycetes S. commune and P.
chrysosporium contain introns (34) (GenBank), suggesting that
introns may play an important role in gene expression in these
fungi. Recently, it was demonstrated that an intronless hydro-
phobin gene was very weakly expressed in S. commune; how-
ever, high protein expression was observed when a native or
synthetic intron was introduced into this intronless hydropho-
bin gene 3’ of the translation stop codon (34).

In the present study, a native intron from the P. chrysospo-
rium gpd gene, which has characteristics of introns similar to
those of other P. chrysosporium genes, was inserted at the 5’
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end of the egfp gene; other egfp constructs contained no in-
trons. Unlike in other studies of the effect of introns on gene
expression in fungi and other eukaryotic cells (27, 34), we
inserted the intron within the coding region of the egfp gene
instead of in the 5" or 3’ UTR. GPD is a constitutively ex-
pressed enzyme which plays an important role in glycolysis.
The P. chrysosporium gpd gene has important features: its first
exon is extremely short (6 bp, including the start codon), and
this is followed by a short 55-bp intron. This intron has char-
acteristics of introns in other P. chrysosporium genes. These
features enable the insertion of the intron into the coding
region of the reporter gene, egfp, with minimal extra amino
acids fused to the reporter. When exon 1, intron 1, and 9 bp of
exon 2 of gpd are fused to the ATG-less egfp, the resulting
protein has only four extra amino acids compared to wild-type
GFP. Our results show that egfp with an introduced intron
exhibits high expression in P. chrysosporium under either gpd or
mnpl promoter control but that the intronless egfp does not.
Steady-state RNA levels are clearly higher in the transfor-
mants carrying constructs with a 5’ intron than in those carry-
ing constructs with no introns. Since the absence of an intron
apparently does not affect transcriptional initiation of the S.
commune hydrophobin genes (34), the difference in RNA lev-
els of intron-containing versus intronless genes probably oc-
curs at the posttranscriptional level, affecting factors such as
RNA stability.

Based on an earlier survey (25), introns located 3’ down-
stream of the stop codon are rare, while roughly one-third of
328 vertebrate genes surveyed contained introns in the 5’ non-
coding region. A study using mammalian cells suggested that
introns increase the efficiency of RNA 3’ processing and the
accumulation of cytoplasmic RNA (27). More recent work
using Xenopus oocytes suggests that the location of an inserted
intron strongly affects the translation of the cytoplasmic RNA
(25, 35). Comparisons of sequences of the mnp, lip, gpd, and
quinone reductase genes of P. chrysosporium found in the Gen-
Bank database indicate that more introns are found in the 5’
half of these genes than in the 3’ half. These observations
suggest that the 5’ introns may have a role in gene expression,
RNA processing, or RNA translation.

Fluorescence micrography of P. chrysosporium mycelia
transformed with the pUGIGM3’ (5’ intron) construct showed
that the GFP produced was intracellular and probably cyto-
plasmic. Significant green fluorescence was not observed in the
extracellular medium or in the conidiospores (data not shown).
Control cultures transformed with pUGGM3’ did not exhibit
green fluorescence, suggesting that GFP may be a good marker
for viewing P. chrysosporium in wood or in a consortium of
other fungi. The spotty fluorescence of some mycelial frag-
ments is probably due to the growth conditions on coverslips
and/or the age of the particular hypha and was not observed in
all micrographs.

Transformation of P. chrysosporium with plasmid DNA re-
sults in the ectopic integration of the DNA into the fungal
genome (3, 5), where the site of integration is not controlled.
It is recognized that, in fungal transformations, the site of
integration can affect the expression of the gene. This may be
a reason for the different GFP expression levels for the indi-
vidual transformants carrying pUGIGM3’ or pUMiGM3'.
Most importantly, egfp faithfully reports the function of the two
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promoters used in these experiments. When the gpd promoter
is used, GFP production is observed under primary metabolic
conditions. When endogenous mnp genes are used as an in-
ternal control, all the transformants carrying pUMiGM3’ pro-
duce GFP only during secondary metabolic growth triggered
by nutrient nitrogen source limitation and only under Mn**
supplementation. Expression of egfp in transformants with
pUMiGM3'’ parallels that of endogenous mnp. Northern blots
further indicate that gfp mRNA in these transformants is con-
siderably reduced when cultures are grown in the absence of
Mn?" compared with the levels in cultures grown in the pres-
ence of Mn?*, confirming that the Mn effect is probably at the
level of gene transcription (8, 15, 17).

The role of Mn in regulating the expression of a reporter
gene can best be examined in an induction experiment, where
the effect of Mn is independent of other variables such as
nutrient nitrogen or O, levels in the flasks. Our results show
that the addition of Mn to cultures grown in the absence of Mn
for 5 days leads to the simultaneous appearance of both GFP
and endogenous MnP. In addition, adding Mn to cells grown in
HCHN medium does not lead to the appearance of either MnP
activity of GFP fluorescence.

In conclusion, we have prepared four different egfp con-
structs to determine whether GFP may be used as a reporter of
promoter function in P. chrysosporium. We demonstrate that, if
an intron is placed at the 5’ end of the egfp gene, egfp is an
effective reporter of either gpd or mnp promoter function,
yielding high levels of regulated protein expression, but that
the absence of an intron in the egfp gene results in very reduced
levels of expression. This result suggests that the presence or
absence of an intron may be an important determinant of RNA
stability and/or RNA processing in this system. We also con-
clude that 1,500 bp of the mnp promoter sequence regulates
egfp reporter expression in a manner similar to the manner of
regulation of endogenous mnp genes by Mn, nutrient nitrogen
levels, and metabolic phase of growth. We plan to use the 5’
intron-containing egfp construct to examine the effects of cis-
acting sequences on the regulation of mnp by Mn and other
factors.
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