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Recently, we have shown differential splicing of an intron in the cbhl.2 gene of Phanerochaete chrysosporium
ME446; this intron lies within the region of the gene encoding the cellulose binding domain (P. F. G. Sims, M.
S. Soares-Felipe, Q. Wang, M. E. Gent, C. Tempelaars, and P. Broda, Mol. Microbiol. 12:209-216, 1994). Here,
we show that such differential splicing occurs in the cbhl.1 gene of this fungus as well as in the cbhl.2 gene and
that this phenomenon is substrate dependent. Avicel elicits the synthesis of both classes of mRNA transcripts
from both of these genes. In contrast, carboxymethyl cellulose predominantly elicits the synthesis of fully
spliced transcripts from both genes. Such differential splicing might allow this fungus to regulate the speci-

ficities of substrate binding for these cellulases.

Many bacterial and fungal species produce a number of
different cellulases, which act synergistically to effect the cleav-
age of the B-1,4 bonds of the cellulose chain. The best-char-
acterized cellulolytic fungus, Trichoderma reesei, contains
genes encoding at least five different activities, two exocello-
biohydrolases (CBHI and CBHII) and three endoglucanases
(EGL EGII, and EGV) (11, 13, 14). Each of these proteins is
encoded by a single gene and displays a common structural
organization, consisting of catalytic and cellulose binding do-
mains (CBD) separated by a region termed the hinge (9, 11).

In nature, cellulose is commonly associated with lignin and
hemicellulose to form lignocellulose. Unlike T. reesei, the white
rot fungus Phanerochaete chrysosporium is able to degrade lig-
nin as well as the carbohydrate moieties of lignocellulose (10).
These fungi also differ with respect to their cellulolytic systems.
P. chrysosporium (Sporotrichum pulverulentum) has been re-
ported to secrete as many as five proteins with endoglucanase
activity (8) and at least three with cellobiohydrolase activity
(20). CBHII is encoded by a single gene (19), but unlike that of
T. reesei, the genomes of P. chrysosporium strains contain mul-
tiple nonallelic cbhl-like sequences (5, 6, 16, 17). However,
sequences encoding proteins similar to the T. reesei endoglu-
canases have not been found; we have therefore proposed that
in P. chrysosporium ME446, variant cbhl-like genes encode
proteins with endoglucanase activity (17).

The coding regions of both cbhl 1 and cbhl.2 of P. chryso-
sporium are interrupted by two introns (17). In the case of
cbhl.2, cDNA clones in which the 3’ intron was not excised
were isolated (17). Translation through this intron changes the
reading frame and the location of the translation termination
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signal of the C-terminal coding region; this would result in a
protein with a significantly different CBD and thus, presum-
ably, an altered cellulose binding affinity. The equivalent intron
in ¢bhl.1 also lacks an in-frame stop codon (16). However, in
this case, any differential splicing of the intron would not alter
the C terminus of the encoded protein; instead, it would result
in a 17-amino-acid insertion in the CBD.

In this report, we show that the intron within the 3’ region
of the cbhl.1 gene, like that of the cbhl.2 gene, is differen-
tially spliced. We then show that with both genes, the for-
mation of such unspliced mRNA transcripts is substrate
dependent.

P. chrysosporium ME446 was maintained on slopes of 2%
(wt/vol) malt extract. The culture media for expression studies
have been described previously (19). The carbon source used
(0.2% [wt/vol]) was either glucose, Avicel (microcrystalline
cellulose), ball-milled straw (BMS; lignocellulose), carboxy-
methyl cellulose (CMC; amorphous cellulose), or cellobiose.
The protocols for RNA extraction, poly(A)" mRNA purifica-
tion, cDNA synthesis with oligo(dT) primers, and PCR ampli-
fication have been described previously (19). The criteria used
for the design of gene-specific primer pairs for the cbhl.1,
c¢bhl.2, and trpC genes of P. chrysosporium were those of
Brooks et al. (4). Details of the primer pairs used are listed
in Table 1, and their annealing sites within the relevant genes
are illustrated in Fig. 1A. The PCR product derived from the
trpC gene has previously been used as a control for successful
cDNA synthesis and for semiquantitative estimates of
genomic DNAs (gDNAs) in such preparations (3) (see be-
low also).

Differential splicing of both cbhl.1 and cbhl.2 is substrate
dependent. PCR has previously been used to analyze the ex-
pression of closely related lignin peroxidase (4) and cellulase
genes (19, 21). The expression of the cbhl.1 and cbhl.2 genes is
coordinately regulated (3, 19), whereas the cbhIl gene is inde-
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TABLE 1. Gene-specific sequences of upstream and downstream
primers for PCR amplification

Gene* Primer sequence Name

cbhl 1, u overall ACA ATG TTC CGC ACT GCT ACT T G36

cbhl.1, d overall AGG GTG CCC GCG GAG GTG CC G32

cbhl.1, u partially GCA TGG CCA AGT ACC CGA CC M16
spliced

cbhl.1, d partially ATG AGG AGG TAC TCA CAT GGG H13
spliced

cbhl.2, u overall
cbhl.2, d overall

CAC TCC TCG CAT TCA CTT GTC T G34
CTG CCG GTC TCG GTC CAG TTG C G35

cbhl 2, u partially GCA TGT CGA AGT ACC CCG A M15
spliced

¢bhl.2, d partially GGT CAG CAT TGC TGC TTC TC G22
spliced

trpC, u CAC GGG CAT CGT GAC GGA TAC

trpC, d TGG GTC TTG AGT GTG TAG TGG

“u, upstream; d, downstream.

pendently regulated (19). Previous analyses of cbhl.l and
cbhl.2 have employed PCR primers spanning the 5’ intron that
interrupts the coding region. Therefore, such investigations of
overall expression have not discriminated between mRNA
transcripts in which the intron interrupting the 3’ region of
either gene is differentially processed, as has been detected by
analyses of cDNA clones of cbhl.2 (17). Here, we have used
PCR and additional primers to determine whether the 3’ in-
trons of both cbhl genes are differentially spliced and which
nutrient conditions elicit this phenomenon.

PCR primer pairs for each gene were designed so that the 3’
primers (H13 for c¢bhl. 1 and G22 for cbhl.2 [Fig. 1A]) contain
sequences complementary and specific to regions of nucleotide
sequence within the corresponding 3’ introns. Hence, these
primers can anneal only to cDNA sequences containing the
appropriate intron or to gDNA. In our hands, even the most
rigorously purified mRNA preparations also contain gDNA;
the sensitivity of PCR is such that this gDNA could interfere
with the identification and quantitation of mRNA-derived
cDNA. To allow simple size differentiations of the amplifica-
tion products from the cDNA and gDNA versions of each
gene, 5' primers were designed so that, in each case, the re-
sulting PCR products spanned the 5’ intron interrupting the

A
G36 M16 G32 H13
—]- — i o
100bp
G35 M15 G34 G22
— — i
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coding region of that gene (M16 for cbhl.1 and M15 for cbhl.2
[Fig. 1A]).

To test the specificities of the cbhl.1 and cbhl.2 primer pairs,
amplification products derived from total gDNA (Fig. 1B, lane
2) were excised from a gel and submitted to restriction analysis.
In each instance, the restriction pattern was that expected of
the corresponding gene. The specificities of primer pairs were
further confirmed by attempted PCR amplifications with
clones 3E2D (containing fully spliced cbil.1 cDNA [17]) and
pBSC4 (cbhl.2 cDNA derived from an mRNA transcript con-
taining the 3’ intron [17]) as templates. As expected, a PCR
amplification product was generated from the pBSC4 template
only when cbhl 2-specific primers were used. Furthermore,
cbhl. 1-specific primers failed to generate a PCR product from
either pBSC4 or 3E2D (Fig. 1B).

cDNA populations were prepared from the mycelia of cul-
tures grown for 4 days in minimal media containing the differ-
ent carbon sources listed above. PCR with primer pairs specific
for partially spliced templates (M16 and H13 or M15 and G22)
was then performed on these cDNA populations (Fig. 1B).
Only amplification products of the expected sizes were gener-
ated from gDNA templates in the case of mycelia grown on
glucose, cellobiose, or CMC; thus, no unspliced cDNAs from
either gene were detected in these cDNA populations. This
had been expected for glucose, as the expression of both genes
is repressed by growth on this substrate (3, 17, 19). However,
both cellobiose and CMC elicit overall expression of both
genes (19) (Fig. 2). We infer from the absence of unspliced
c¢DNA forms in these cases that cbhl.1 and cbhl.2 gene expres-
sion on cellobiose and CMC yields only mRNA transcripts
lacking the 3’ intron.

In contrast, for both genes PCR analyses of cDNA samples
prepared from BMS- and Avicel-grown cultures generated
products of the expected sizes from partially spliced cDNA
templates as well as from gDNA templates. Previously, we
have reported the occurrence of cbhl.2 transcripts containing
the 3’ intron in a cDNA library prepared from mycelia grown
on BMS (17). However, the results presented here are the first
evidence that the cbhl 1 gene is also differentially spliced when
strain ME446 is grown on this substrate; of three such cDNA
clones studied previously, all of them lacked the 3’ intron (17).
We have also reported that Avicel and BMS elicit similar
patterns of expression of both genes (3). The presence of

FIG. 1. (A) Diagrams of the cbhl.1 and cbhl.2 genomic sequences. Exons, thick lines; introns and flanking sequences, thin lines. The end opposite the point of each
arrow indicates the position at which that PCR primer anneals to its target gene. The identity of each oligonucleotide is indicated above the corresponding arrow. (B)
PCR amplification products generated from 50 ng of cDNA with primer pairs specific for ¢cbhl.1 (primers M16 and H13; upper) and cbhl.2 (primers M15 and G22;
lower). The templates used were P. chrysosporium gDNA (lanes 2), cloned cbhl.1 cDNA sequence of 3E2D (lanes 3), cloned cbhl.2 cDNA sequence of pBSC4 (lanes
4), and cDNA populations prepared from mycelia grown on glucose (lanes 5), cellobiose (lanes 6), BMS (lanes 7), Avicel (lanes 8), and CMC (lanes 9). Lambda DNA
digested with EcoRI-HindIII was used as a size marker (lanes 1), and the sizes (in kilobases) of the marker fragments closest in size to the amplification products are
on the left. The positions of amplified gDNA (g) and cDNA (c) products are indicated on the right.
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FIG. 2. PCR amplification products generated from 50 ng of cDNA with
primers to detect overall cbhl.1 gene expression (A) (primers G32 and G36),
cbhl.1 sequences containing the 3’ intron (B) (primers M16 and H13), cbhl.2
overall expression (C) (primers G34 and G35), cbhl.2 sequences containing the
3" intron (D) (primers M15 and G22), and #pC expression (E). The templates
used were total gDNA (lanes 2 [except for panel E]) and cDNA populations
prepared from mycelia grown on Avicel (lanes 3 to 6), CMC (lanes 7 to 10), and
cellobiose (lanes 11 to 14) for 2 to 5 days. Lanes 1, size markers of either lambda
DNA digested with HindIII-EcoRI (B and D) or pGEM DNA (Promega; A, C,
and E). The sizes of marker DNA (in base pairs) closest in size to the amplifi-
cation products are on the left.

unspliced cDNA forms of both genes in cDNA samples from
mycelia grown on these substrates is consistent with this ob-
servation.

The amplification product of the cbhl.l gene, generated
from the Avicel-grown cDNA sample, was partially sequenced
from an internal primer (G32 [Fig. 1A]) by using an automated
sequencer (model 373a; Applied Biosystems). The sequence
precisely matched that of cbhl. 1, confirming that it had been
derived from this gene.

Comparisons of the amounts of mRNA transcripts contain-
ing the 3’ intron to those of total mRNA for the cbhl.1 and
¢bhl.2 genes. For each gene, we compared the levels of expres-
sion of the unspliced mRNA species with the levels of overall
expression of both classes of mRNAs in mycelia grown for 2 to
5 days on Avicel, CMC, or cellobiose. Whereas Avicel has been
used as a substrate for the synthesis of cellobiohydrolases by P.
chrysosporium (20), CMC is regarded as a substrate for endo-
glucanases, and cellobiose has been proposed as an inducer of
cellulolytic activity in this fungus (7).

We have previously shown that cDNA samples of the type
prepared for this work contain detectable amounts of gDNA
(3). The ratios of PCR products derived from gDNA and
cDNA #rpC templates were similar for all of the cDNA prep-
arations analyzed in this work (Fig. 2E). This was expected, as
the rpC gene of P. chrysosporium is known to be constitutively
expressed (15), and confirms that the levels of gDNA present
in different cDNA preparations are relatively constant (3). In
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this work, we have sought to compare different transcripts from
a single gene within individual cDNA samples. The target
cDNA and competitor gDNA differ by only a small intron, and
both of them amplify with equal efficiency (results not shown).
Since the trpC controls show that the proportion of competitor
¢DNA within all of the cDNA samples is relatively constant,
¢DNA can be exploited as an internal standard for competitive
PCR, allowing semiquantitative interpretation of the results
(3). The categories employed are high (amplified cDNA only,
indicating that gDNA is outcompeted by cDNA), low (ampli-
fied cDNA and gDNA are present in approximately equal
amounts), or undetectable (amplified gDNA only) within a
single cDNA sample for each PCR.

As observed previously (3, 19), there were high levels of
overall expression of the cbhl.1 and cbhl.2 genes at early time
points after growth on either Avicel or CMC (Fig. 2A and C).
However, the nature of the transcripts produced from these
genes depends on the substrate. With Avicel at each time point
and for both cbhl.1 and cbhl.2, cDNA sequences containing
the 3’ intron were amplified (Fig. 2B and D, lanes 3 to 6).
However, in all cases, the abundance of this mRNA transcript
was less than that of total mRNA for this gene (Fig. 2; compare
lanes 3 to 6 in panels A through D); this suggests that with
Avicel, both spliced and unspliced classes of mRNA transcripts
are formed from both genes. In contrast, after growth on
CMC, the unspliced mRNA transcript of each gene was de-
tectable only at a very low level and only on day 2 (Fig. 2B and
D, lanes 7). We conclude that with CMC over the period
studied, fully spliced mRNA is by far the predominant class of
mRNA transcript from both cbhl.1 and cbhl 2.

An alternative explanation for the detection of such differ-
ential splicing is that it is an artifact arising from very different
overall levels of expression of the cellulase genes on Avicel
compared with those on CMC. With both substrates, cDNA
predominates over gDNA since cDNA almost completely out-
competes the gDNA used as the internal standard (Fig. 2A and
C, lanes 3 to 6 and 7 to 10). Thus, it is possible that the absolute
amount of mRNA present (and, therefore, of cDNA formed)
after growth on one substrate is much greater than that formed
on the other. If the partially spliced transcript is formed as a
constant fraction of overall mRNA production, its detection
only after growth on Avicel could merely be the result of more
transcription on this substrate. To test this hypothesis, we com-
pared the overall abundances of cbhl. I mRNA transcripts after
growth on Avicel and CMC by competitive PCR. Equal
amounts of cDNA (50 ng) prepared after 4 days of mycelial
growth were submitted to PCR with primers spanning the 5’
internal intron. Increasing, known amounts of the plasmid
construct pBS+1, which contains a cbhl.l gDNA insert (16),
were added as the competitor. The addition of 10™° ug of
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FIG. 3. Competitive PCR analysis of the levels of chhl.l gene expression
after growth on either Avicel or CMC. PCR amplification was performed with 50
ng of cDNA prepared after growth on Avicel (lanes 2 to 5) or CMC (lanes 7 to
10). The following amounts of clone pBS+1 were added to cDNA preparations
as the competitive template in PCR: 10> pg (lanes 3 and 8), 10~ ug (lanes 4
and 9), and 107 ug (lanes 5 and 10). PCR amplification of pBS+1 as a control
is shown in lane 6. Lane 1 contains pPGEM marker DNA (Promega), with sizes
(in base pairs) given on the left. The positions of amplified gDNA (g) and cDNA
(c) products are indicated on the right.
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plasmid to cDNA prepared after growth on either Avicel or
CMC yielded approximately equal amounts of amplified
c¢DNA and gDNA (Fig. 3). Therefore, the levels of chbhl. 1 gene
expression elicited by these two substrates were similar. This
excludes the hypothesis being tested, and we conclude that
differential splicing is indeed substrate dependent.

The expression of the cbhl genes on cellobiose was similar to
that observed on CMC, since cDNA sequences containing the
3’ intron were not detected for either gene. We infer from the
low levels of overall expression of these genes that in this case,
only fully spliced cDNA sequences are formed.

Our results are consistent with other evidence that these two
genes are coordinately regulated (3, 19). In P. chrysosporium
K3, the proteins encoded by the equivalents of these genes,
CBHI and CBH62, act synergistically. Although both enzymes
are active against microcrystalline cellulose, CBH62 is re-
garded as an endo-type activity (20). The terminal regions of
these two proteins suggest that CBHI is the translation product
of fully spliced mRNA transcripts of the cbhl.2-like gene. In
contrast, from present information the CBH62 protein could
be derived from either fully spliced or unspliced cbhl.l tran-
scripts, since read-through of the intron in the 3’ region does
not alter the reading frame and thus the C terminus of the
protein is unchanged. No protein sequences have yet been
reported to confirm that the unspliced mRNA transcripts de-
scribed here are translated into active cellulases. However, we
can speculate on why such mRNA transcripts are produced
and on why their occurrence is substrate dependent.

Since the differential splicing of cbhl. 1 and cbhl.2 alters the
amino acid sequences within the CBD of their protein prod-
ucts, this may be a mechanism by which this fungus can alter
the substrate specificities of these cellulases. Changes in pro-
tein sequences brought about by proteolytic processing of the
terminal regions of fungal cellulases in culture supernatants
have previously been proposed as another mechanism for the
regulation and adjustment of substrate specificities (11). It is
interesting that fungal glucoamylases, which hydrolyze another
important polysaccharide (starch), have a domain structure
similar to that of cellulases. In the case of the glucoamylase
gene of Aspergillus niger, an intron within the region of the gene
encoding the C-terminal binding domain is also differentially
processed, leading to the translation of two distinct glucoamy-
lase enzymes (1, 2). We believe that this gene and the cox-5
gene of Neurospora crassa (12) are the only other reported
instances of differential gene splicing in fungi.

Both cDNA classes of each of these genes are being cloned
into an heterologous expression system to analyze the mecha-
nism of action and to investigate possible differences in sub-
strate affinities among the four enzymes apparently encoded by
the two P. chrysosporium cbhl genes. Until we have such in-
formation, it is difficult to rationalize the observed differences
in intron splicing and to classify such gene products as either
endo- or exocellulases. In any case, the latter may not be
meaningful since a recent report has suggested that all four of
the major 7. reesei cellulases are able to hydrolyze internal
glucosidic bonds (18). As a result, none of them can be re-
ferred to as a true exocellobiohydrolase.
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