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Introduction

The filamentous fungus Penicillium griseoroseum has 
been used as heterologous system for large-scale protein 
production [10, 15]. Wild-type P. griseoroseum CCT6421 
is considered promising for the production of pectinases 
because this strain does not produce mycotoxins, such as 
patulin, citrinin, and ochratoxin A, under the culture condi-
tions used for pectinase production [5–7, 10, 20]. In addi-
tion, this fungus does not secrete proteases into the culture 
medium under the pectinase production conditions [10]. 
These characteristics highlight the advantage of the use 
of P. griseoroseum as a host strain to produce proteins on 
an industrial scale. However, although an understanding 
of genome organization and gene regulation mechanisms 
are important requirements for the use of a host organism 
in the industrial production of metabolites, little is known 
about the organization of the P. griseoroseum genome.

Studies have sought to increase the production of pec-
tinolytic enzymes by P. griseoroseum for use in the fruit 
juice and wine industries [6, 20]. To evaluate the organi-
zation and regulation of genes encoding polygalacturonase 
(PG) EC. 3.2.1.15 and pectin lyase (PL) EC 4.2.2.10 in 
P. griseoroseum, Ribon et  al. [25] and Bazzolli et  al. [7] 
isolated and characterized two genes encoding PG (pgg1 
and pgg2) and two genes encoding PL (plg1 and plg2), 
respectively. These genes are present as single copies in 
the genome, are regulated at the transcriptional level, and 
are induced by pectin and repressed by glucose [8, 26]. The 
authors reported that the transcriptional levels of pgg2 and 
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plg1 genes are higher than those of pgg1 and plg2, dem-
onstrating that the plg1 and pgg2 genes are responsible for 
producing PL and PG in P. griseoroseum, respectively [8, 
26, 32].

The construction of strains encoding multiple copies of 
target genes or gene-silenced strains has been successfully 
employed to increase protein productivity in host strains, 
including several species of Aspergillus, Penicillium, and 
Trichoderma as well as yeasts such as Pichia pastoris [11, 
18, 21, 34]. Recombinant strains of P. griseoroseum with 
increased PL and PG production have been obtained using 
integrative expression vectors containing the target gene 
under the control of a strong constitutive promoter. These 
recombinant strains have additional copies of the plg1 and 
pgg2 genes that are under the control of a strong consti-
tutive promoter for the gene encoding glyceraldehyde-
3-phosphate dehydrogenase (gpd) and the termination 
region of the gene encoding tryptophan synthase (trpC) 
from Aspergillus nidulans [3, 4, 9, 31, 32]. The recombi-
nant strains of P. griseoroseum exhibited a 15-fold increase 
in the enzymatic activity of PG and a 132-fold increase in 
PL activity compared with the wild-type strain when cul-
tured in sucrose or sugar cane juice [3, 9, 31, 32].

Genetic and physiological studies of isolated P. griseoro-
seum CCT6421 have highlighted its advantages for use as 
an expression heterologous system for protein production. 
The aim of the present study was to increase knowledge of 
the genomic organization and gene regulation of recombi-
nant strains of P. griseoroseum. Specifically, this study esti-
mated the genome size, the number of chromosomes, and the 
genomic location of the plg1 gene in P. griseoroseum. After 
determining the number of copies of the plg1 and pgg2 genes 
in recombinant strains of P. griseoroseum with increased 
production of pectin lyase and polygalacturonase, it was pos-
sible to infer a relationship between the increased gene copy 
number and increased enzyme production and to verify the 
effect of genome position on the expression of these genes. 
In addition, the expression pattern of the plg1 and pgg2 
genes under the control of the gpd promoter of A. nidulans 
was evaluated in the double-recombinant strain T20.

Materials and methods

Microorganisms and growing conditions

The wild-type strain of P. griseoroseum CCT6421, which 
was isolated at the Universidade Federal de Viçosa, and 
the mutant strain P. griseoroseum PG63 niaD−, which was 
obtained by Pereira et al. [23] were used in this study. The 
recombinant strains (T) that overproduce PL, PG, or PL 
and PG were obtained by Araújo et  al. [3], Cardoso et  al. 
[9] and Teixeira et al. [31]. These recombinant strains were 

previously characterized and showed ectopic integration of 
the expression vectors in the genome [9, 31, 32]. The mutant 
strain P. griseoroseum PG63 niaD− has a 122-bp deletion in 
the niaD gene, which encodes nitrate reductase [23].

To obtain the inoculum, the strains were grown at 25 °C 
for 7 days in a Petri dish containing enriched potato dex-
trose agar (PDA) culture medium, and the conidia were 
resuspended in a solution of Tween 80 (0.2  % v/v). To 
analyze the enzymatic activity and expression of the 
plg1 and pgg2 genes, 106 conidia/ml were obtained from 
the recombinant and PG63 strains and inoculated in a 
mineral-buffered (pH 6.8) minimal medium containing 
6.98 g/l K2HPO4, 5.44 g/l KH2PO4, and 1.0 g/l (NH4)2SO4 
and supplemented with 1.1  g/l MgSO4·7H2O, 10  g/l 
sucrose, and 0.6  g/l yeast extract. The strains were cul-
tured in 250-ml Erlenmeyer flasks in a volume of 100 ml 
and maintained under constant agitation at 150 rpm and a 
temperature of 25 °C for 120 h. Samples were collected at 
intervals of 12 h. The mycelium used for total RNA extrac-
tion and the determination of the mycelial dry weight was 
obtained by filtering the cultures through a 400 mesh/in2 
sieve (37 μm mesh size). Three replicates were performed 
for each experiment.

Protoplast preparation and analysis by pulsed‑field gel 
electrophoresis (PFGE)

Protoplasts were obtained according to the method pro-
posed by Dias et  al. [12] with modifications. A 5 ml vol-
ume of osmotic stabilizer (10 mM phosphate buffer, 0.6 M 
KCl) and 30 mg of Lysing Enzymes L1412 (SIGMA®) was 
added to 800 mg of mycelium and incubated at 80 rpm and 
30 °C for a period of 3–4 h. The protoplasts were then fil-
tered, washed with osmotic stabilizer, and centrifuged at 
2300g for 5 min. A suspension of 108 protoplasts/ml was 
mixed with an equal volume of 1.4 % agarose solution at 
50  °C. The blocks of agarose containing the protoplasts 
were transferred to microtubes containing 1  ml of NDS 
solution (1 % N-lauroyl sarcosine, 50 mM EDTA, pH 8.0, 
10 mM Tris–HCl) and 50 μl proteinase K (20 mg/ml) and 
incubated at 50 °C for 48 h. The blocks were washed twice 
in 50  mM EDTA (pH 8.0) at 50  °C for 30  min, and the 
tubes containing the blocks were stored at 4 °C until use.

The gel was prepared with 0.8  % chromosomal-grade 
agarose (Bio-Rad) in 0.5× TBE (45.0  mM Tris–borate, 
1.0  mM EDTA, pH 8.0). The buffer was changed every 
48 h and maintained at constant temperature (10 °C). The 
separation was performed in a CHEF-DRII system from 
Bio-Rad with a current of 1.2 V/cm and pulses divided into 
three blocks: B1 8400–13000  s, 75  h; B2 3300–5400  s, 
90 h; B3 2000–2700, 45 h. After chromosome separation, 
the gel was treated with 100  ml of distilled water con-
taining 5 μl of ethidium bromide solution (10 mg/ml) for 
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30–60  min and then placed in distilled water for at least 
30  min. The gel was then analyzed, and the image was 
scanned with the Eagle Eye II (Stratagene) photo-docu-
mentation device.

DNA extraction and Southern blot analysis

For karyotype analysis using the telomeric regions of P. gri-
seoroseum, total DNA was extracted following Specht et al. 
[29] with modifications [31]. The total DNA was cleaved 
with the restriction enzymes BamHI, EcoRI, and SmaI, and 
the restriction fragments were separated by electrophoresis 
in a 0.8 % agarose gel. Then, the total DNA and chromo-
somal DNA obtained by PFGE were transferred to a nylon 
membrane (Duralon-UV™, Stratagene) by capillary action 
as described by Sambrook et al. [27]. Prior to the transfer, 
both gels were treated with denaturing (1.5 M NaCl, 0.5 M 
NaOH) solution for 1 h, followed by neutralization (0.5 M 
Tris–HCl pH 7.0; 1.5 M NaCl) solution for 1 h.

The membrane containing the total DNA restriction frag-
ments was hybridized for 18 h at 38 °C with a fragment of 
the telomeric region from Botrytis cinerea in vector pTel13 
as a probe [16]. The labeling of the probe and the detection 
were performed using the DIG High Prime DNA Labeling 
and Detection Starter Kit II (Roche®, Roche Applied Sci-
ence), following the manufacturer’s recommendations.

The membrane containing the chromosomal DNA was 
hybridized for 18 h at 65  °C with the coding region of the 
plg1 gene [7] radiolabeled with a [α-32P]d-ATP probe; the 
Random Prime IT Labeling Kit was used for radiolabeling 
(Stratagene). The membrane was washed twice in 2× SSC, 
0.1 % SDS for 20 min and twice in 1× SSC, 0.1 % SDS for 
10 min at 65 °C. The membrane was exposed to XOMAT K 
film (Kodak), at −80 °C for 12 h, and the film was developed.

Real‑time PCR analysis

Total RNA extraction and analysis of plg1 and pgg2 gene 
expression

Total RNA was extracted with TRIzol T9424 reagent (TRI 
Reagent, Sigma®). The mycelium was ground in liquid 
nitrogen, and 200 mg was transferred to a centrifuge micro-
tube containing 1.0 ml of TRIzol and 150 μl of 20 % PVP-
40 (polyvinylpyrrolidone 40, Sigma®). After homogeniza-
tion, the mixture was centrifuged at 15000g for 20 min, and 
the supernatant was transferred to another tube containing 
200 μl of chloroform. After homogenization, the mixture 
was centrifuged at 15000g for 20  min, and the aqueous 
phase was transferred to a fresh tube containing 250 μl of 
precipitating solution (0.8 M sodium citrate, 1.2 M sodium 
chloride) and 250 μl of isopropanol. The mixture was incu-
bated on ice for 10 min and then centrifuged at 15000g for 

10 min. The supernatant was discarded, and the pellet was 
washed with 80 % ethanol. The pellet was resuspended in 
40 μl of diethylpyrocarbonate (DEPC) water and stored at 
−80 °C.

The cDNA synthesis was performed from 1.0 μg total 
RNA using the Im Prom-II™ Reverse Transcription Sys-
tem (Promega) kit according to the manufacturer’s instruc-
tions. To quantify plg1 and pgg2 gene expression, the 
cDNA samples obtained from the PG63 and recombinant 
T20 strains of P. griseoroseum [31] were used. The γ-actin 
gene from P. griseoroseum was used as an endogenous 
control. The primers used for γ-actin gene amplification 
were act1_F (5′-TGGGAGCTTCGGTCAAGAGA-3′) and 
act1_R (5′-ACCAACTGGGACGACATGGA-3′). The rela-
tive quantification was performed according to the 2−ΔΔCT 
method proposed by Livak and Schmittgen [17]. The tests 
for amplification efficiency and experiment validation were 
performed as described by Pfaffl [24]. The experiments 
were repeated three times for each point tested using three 
preparations of total RNA obtained from independent bio-
logical samples.

The oligonucleotides were designed with Primer 
Express software (Applied Biosystems, California, USA) 
and were based on the plg1 (AF502279.1) and pgg2 
(AF195113.2) gene sequences deposited in the database 
of the National Center for Biotechnology Information 
(NCBI). The following sequences of the oligonucleo-
tides used in this study are listed: plg1B_F (5′-GGACAT 
GATCTGGATCGAATCA-3′); plg1B_R (5′-TGGAGATAG 
TGACACGCTTGGA-3′); pgg2A_F (5′-GAACATCTCC 
GGCCTTAACG-3′); pgg2A_R (5′-CCTCGCTGTTGTCG 
ATGGT-3′);

Determination of the copy number of the plg1 and pgg2 
genes

The plasmids pAN52plg1 (6.75  kb) and pAN52pgg2 
(6.55  kb), which contain the P. griseoroseum genes plg1 
(1.39 kb) and pgg2 (1.19 kb), respectively, were used to pre-
pare the DNA standard curve. Plasmid DNA was extracted 
with the Wizard® Plus SV Minipreps, DNA Purification 
System kit (Promega). The quality and concentration of 
total DNA and of the plasmid samples were determined 
spectrophotometrically at 260/280 nm. The absolute number 
of plasmid copies was obtained from the equation proposed 
by Whelan et  al. [36]. The plasmid DNA samples were 
diluted at a 1:10 ratio. Eight serial dilutions in the range 
of 4  ×  101 to 4  ×  107 copies/µl of plasmid pAN52plg1 
and 6 × 101 to 6 × 107 copies/µl of plasmid pAN52pgg2 
were used to construct the standard curves. The equation 
y = ax + b (R2), which was obtained from the calibration 
curve, was y = −3.32x + 39.924 (0.99) for the plg1 gene 
and y = −3.31x + 37.076 (0.99) for the pgg2 gene.
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The experiments for relative and absolute quantifica-
tion were conducted in a 7300/7500 real-time PCR system 
(Applied Biosystems, California, USA). All PCR reactions 
were performed with 0.2 μM of each oligonucleotide and 
SYBR Green PCR Master Mix (Applied Biosystems, Cali-
fornia, USA) at a final concentration of 1× in a final vol-
ume of 25 μl per reaction.

Genome size estimate for P. griseoroseum

The genome size was estimated based on the C value, 
which was calculated as described by Wilhelm et al. [37]. 
The amount of DNA corresponding to the size of a hap-
loid genome (C value) was derived from the ratio of DNA 
mass (m, as determined by UV absorbance) and the copy 
number of the target sequence (N, determined by real-time 
PCR), i.e., C = m × N−1. The genome size was calculated 
by Γ = C × NA × M−1

bp , where NA is Avogadro’s number 
(6.022  ×  1023 mol−1) and M

−1
bp  is the average molecular 

weight of a base pair (660 g mol−1).

Enzymatic trials of pectin lyase and polygalacturonase

Pectin lyase activity was determined via absorbance at 
235  nm as described by Albersheim and Killias [2]. One 
unit of PL (U) was defined as the amount of enzyme 
required to produce a nanomole of Δ4,5 galacturonate per 
minute of reaction. A coefficient of molar extinction of 
5550 M−1 cm−1 was used for the calculation [1].

PG activity was determined by measuring reducing sug-
ars with the DNS (dinitrosalicylic acid) method described 
by Miller [19]. One unit of PG (U) was defined as the 
amount of enzyme required to produce a micromole of 
galacturonic acid per minute of reaction.

Results

Estimation of genome size, the number of chromosomes, 
and chromosomal location of the plg1 gene of P. 
griseoroseum

The estimation of the size of the haploid genome by real-time 
PCR requires the absolute quantification of a single-copy 

gene in the genome. The plg1 [7] and pgg2 [25] genes stud-
ied here are present as single copies in the genome of the 
wild-type strain of P. griseoroseum and were used to esti-
mate the genome size of this species. The estimated genome 
size of the wild-type strain of P. griseoroseum in three inde-
pendent experiments ranged from 29.8 to 31.5 Mb (Table 1).

The karyotype of P. griseoroseum was determined by 
PFGE and exhibited a pattern consisting of four chro-
mosomal bands with an estimated size of 11.44  Mb (I), 
9.22 Mb (II), 6.24 Mb (III), and 4.12 Mb (VI), which were 
calculated based on the banding pattern of Schizosaccha-
romyces pombe (Fig. 1a). The size of the P. griseoroseum 
genome estimated by PFGE was approximately 31.0 Mb.

The chromosomal location of the plg1 gene and the inte-
gration pattern of the copies of the expression vector pAN-
52plg1 were determined from the hybridization of the chro-
mosomes from the PG63 and recombinant T105 strains of 
P. griseoroseum, which were separated by PFGE and trans-
ferred to a nylon membrane. The membrane was hybridized 
with the fragment containing the plg1 coding region labeled 
with [α-32P]d-ATP. The results indicated that the plg1 gene 
is located on chromosome II (9.22 Mb) of P. griseoroseum 
and that the bands observed for the recombinant strain T105 
may be due to ectopic integration of pAN52plg1 with chro-
mosomes II, III, and IV (Fig. 1b). The position of the bands 
was measured by using a scale ruler in the original PFGE 
and in the autoradiography of the hybridization.

The number of chromosomes in P. griseoroseum was 
confirmed by hybridization of the telomeric chromosomal 
region. The total DNA of the wild-type strain was cleaved 
with restriction enzymes and hybridized with a probe con-
taining a 225-bp fragment corresponding to the telomeric 
region of B. cinerea present in the vector pTel13 (Fig.  2). 
For each enzyme tested, a pattern of eight marked bands was 
observed, with two bands corresponding to a chromosome. 
Therefore, the total number of four chromosomes was con-
firmed from the band profile obtained from hybridization.

Analysis of the copy number of genes plg1 and pgg2 
and the activity of pectin lyase and polygalacturonase 
in recombinant strains of P. griseoroseum

The number of copies of the plg1 and pgg2 genes in recom-
binant strains of P. griseoroseum with high PL and PG 

Table 1   Estimate of the haploid 
genome size of the wild-type 
strain of P. griseoroseum

a  CT curve versus the log 
of copy number. a, slope; 
b, intercept; R2, correlation 
coefficient

Target Sample concentration 
(ng/µl)

Calibration curvea 
y = ax + b (R2)

Target copy 
number

C (pg) Γ (bp)

plg1 15 −3.32x + 39.924 (0.99) 4.6 × 105 0.033 29.8 × 106

45 −3.32x + 39.924 (0.99) 1.33 × 106 0.034 31.0 × 106

pgg2 12 −3.31x + 37.076 (0.99) 3.57 × 105 0.034 30.7 × 106

24 −3.31x + 37.076 (0.99) 6.95 × 105 0.035 31.5 × 106
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production was determined by absolute quantification with 
real-time PCR. Table 2 shows the copy number for the plg1 
and pgg2 genes, which were calculated for the wild-type, 
mutant PG63 niaD−, and recombinant (T) P. griseoroseum 
strains and normalized by the number of copies of these 
genes in the wild-type strain. The P. griseoroseum PG63 
niaD− strain was used to validate the qPCR technique used 
to determine the copy number because this strain has the 
same number of copies of the plg1 and pgg2 genes as the 
wild-type strain.

A correlation between the number of copies of the plg1 
or pgg2 genes under the control of the gpd promoter and 
the activity of PL or PG, respectively, was observed in the 
recombinant strains. The enzymatic activity of PL was 
not linearly correlated with the increase in the plg1 gene 
copy number (Fig. 3a, b). Although the R2 (0.71) was high 
in general, the T09 strain showed decrease in PL activity. 
The same was observed with PG, the activity was not lin-
early correlated with the pgg2 gene copy number (Fig. 3c, 
d). Differences in the activity of PG could be observed in 
strains that had the same number of copies of the pgg2 
gene, such as strains T3.4 and T20, in which the copy of 
the pgg2 gene was controlled by the gpd promoter. Strain 
T20 (34966 U/ml) exhibited significantly greater PG activ-
ity than strains T3.4 (16727 U/ml). Strain T146 (36486 U/
ml), which contained two copies of the pgg2 gene, exhib-
ited the same or higher activity than the strains containing 
three copies of the integrated gene. This indicates that the 
copy position in the genome may affect gene expression.

In order to confirm the integrity of the constructs vectors 
expression, the DNA of the transformants was extracted, 
and PCR was performed with the gpdAF (5′-TATTTTC 
CTGCTCTCCCCACC-3′) and trpCR (5′-TGCTTCATCT 

CGTCTCCCGAA-3′) primers to determine the integra-
tion of pAN52plg1 and pAN52pgg2 into the recombinant 
strains genomes. We observed two fragments that corre-
spond with the intact ectopic integrations of the plg1 and 
pgg2 genes under the control of the gpd promoter of A. nid-
ulans. A 1.79 kb fragment corresponding to the final 200 bp 
of gpdA + 1390 bp plg1 + the initial 200 bp of trpC was 
observed for the strains contained the pAN52plg1. Another 
fragment of 1.59  kb was observed for those strains that 
contained pAN52pgg2 vector (data not shown).

Evaluation of plg1 and pgg2 gene expression 
in double‑recombinant strain P. griseoroseum T20

The expression of the plg1 and pgg2 genes was analyzed 
to determine whether there were differences in expression 
due to the position in the genome or the number of copies. 
For this purpose, the double-recombinant strain T20 was 
selected because it has a single copy of the plg1 gene and 
two copies of the pgg2 gene, both of which are controlled 
by the gpd gene promoter from A. nidulans with different 
ectopic integration [31]. The strain P. griseoroseum PG63 
was used as a control strain for the endogenous expression 
of the plg1 and pgg2 genes. Figure  4 shows the variation 
in plg1 and pgg2 gene expression, PL and PG activity, and 
the dry mycelial mass during 120 h of culture. By compar-
ing the expression in strains PG63 and T20 and using the 
plg1 and pgg2 gene expression values from the PG63 strain 
as normalizers, it was observed that the additional copy of 
the plg1 gene in the T20 strain provided a 200-fold increase 
in expression relative to the endogenous gene, whereas two 
copies of the pgg2 gene provided a 1100-fold increase in 
expression with respect to the endogenous gene (Fig. 4a, b).

Fig. 1   Molecular karyotypes of 
P. griseoroseum PG63 and the 
recombinant T105 strain and 
the location of the plg1 gene. a 
Pulsed-field gel electrophore-
sis (PFGE) analysis revealing 
the chromosome distribution 
in P. griseoroseum PG63 and 
the recombinant T105 strain. 
b Characterization of the plg1 
gene by DNA hybridization. 
The arrow indicates the location 
of an endogenous plg1 gene on 
chromosome II of P. griseoro-
seum. M, Schizosaccharomyces 
pombe size marker (5.7, 4.6, 
and 3.5 Mb)
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The activities of PL and PG that were detected in the 
supernatant of the culture increased gradually with time, 
with the highest detected PL activity (2367 ± 316 U ml−1) 
occurring at 120  h (Fig.  4c) and the highest detected PG 
activity (35619  ±  6090 U   ml−1) occurring after 72  h of 
culture (Fig. 4d). The growth curves for strains PG63 and 
recombinant T20 are shown in Fig. 4e. The highest myce-
lial dry weight values were observed at 72  h of culture, 
with a decrease in mycelial dry weight after this time.

As expected, the temporal expression profiles of both 
plg1 and pgg2 genes were similar in the recombinant 
strain T20; transcript accumulation occurred at 24  h of 

culture, with a reduction in the amount of transcripts at 
120 h (Fig. 5).

Discussion

The present study describes, for the first time, the karyo-
type and genome size of the fungus P. griseoroseum, as 
well as the chromosomal location of the plg1 gene encod-
ing pectin lyase. Furthermore, the expression of the plg1 
and pgg2 genes in recombinant strains of P. griseoroseum 
with multiple copies of these genes was assessed. Several 
studies have shown that a combination of molecular tech-
niques can facilitate a broad understanding of the genome 
organization and function of various model species and 
their industrial applicability. By combining PFGE (Fig. 1a), 
Southern blot hybridization (Figs.  1b, 2) and real-time 
PCR (Table 1), the present study demonstrates that P. gri-
seoroseum has a genome of approximately 31.0  Mb that 
is divided into four chromosomes. These techniques also 
established the location of the plg1 gene on chromosome 
II of P. griseoroseum and of additional copies of the vec-
tor pAN52plg1 in the recombinant P. griseoroseum strain 
T105, which were integrated on chromosomes II, III, and 
IV. The estimated genome size of this species is in agree-
ment with previous studies of other species in this genus, 
such as Penicillium notatum (32.1  Mb), Penicillium chry-
sogenum (32.19–34.1  Mb), and Penicillium nalgiovense 

Fig. 2   Estimate of the chromosome number in the wild-type strain 
of P. griseoroseum. Autoradiography of the total DNA from P. gri-
seoroseum cleaved with the enzymes BamHI, EcoRI, and SmaI and 
hybridized with a DNA fragment containing the telomeric region of 
B. cinerea, which is present in vector pTel13

Table 2   Total copy number of the plg1 and pgg2 genes from the 
wild-type (W), mutant PG63, and recombinant (T) P. griseoroseum 
strains, including endogenous and ectopic copies. Values are normal-
ized for the copy number of the plg1 and pgg2 genes in the wild-type 
strain of P. griseoroseum

Genes Strain Copy number

plg1 P. griseoroseum (W) 1

PG63 1

T47 1

T16 2

T20 2

T70 2

T09 3

T24 5

T105 5

pgg2 P. griseoroseum (W) 1

PG63 1

T143 2

T146 2

T3.3 3

T3.4 3

T20 3
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(26.5 Mb) [13, 14, 33]. For the three species named above, 
PFGE estimates indicated that their genomes have simi-
lar sizes and are distributed on four chromosomes, which 
range in size from 4.0 to 5.0 Mb for the smallest chromo-
somes and 9.0 to 11.0 Mb for the largest.

In previous studies, Ribon et al. [25] and Bazzolli et al. 
[7] isolated and characterized the pgg2 and plg1 genes, 
respectively, and identified both as single-copy genes in 
the genome of this fungus. Based on this information, the 
genome size of P. griseoroseum was estimated by real-
time PCR using the method proposed by Wilhelm et  al. 
[37], which has been successfully used for several organ-
isms. The techniques used in the present study produced 
similar results, indicating that the size of the P. griseoro-
seum genome varies between 29.8 and 31.5 Mb (Table 1). 
Although these techniques provide information on genome 
structure and organization, their limitations may result in 
under- or overestimates when used alone. Therefore, a com-
bination of molecular techniques provides better accuracy.

An increase in enzyme production resulting from an 
increased number of copies of the target genes has been 
successfully demonstrated by several authors, particularly 
in species of Aspergillus, Trichoderma, and some yeast 
such as P. pastoris. The results of the present study dem-
onstrated that increasing the copy number of the plg1 gene 
led to increased PL activity, but not in the linear correla-
tion way. For the PG, activity was observed the same, but 
there was no linear correlation between the increased copy 
number of the pgg2 gene and PG activity, which suggests 

that the gene expression may be affected by the position of 
the gene in the genome. Since both genes are under con-
trol of the same regulatory region and responds to the same 
transcriptional factors. It has been reported that the varia-
tion in gene expression level for multi-copy strains may be 
due to the effect of genome position and not to the con-
trol of the regulatory promoter region [9, 11]. This find-
ing may explain the reduction in PL and PG activities that 
was primarily observed for strains T09, T3.4, and T143 
(Fig. 3a, c). However, for the strain T47 the gene exchange 
could be the explanation for the reduction in PL activity, 
since the expression cassette was intact in genome of this 
strain (Table 2). Analyze of SDS-PAGE has been done to 
verify the presence of the bands that corresponding to Plg1 
(36  kDa) and Pgg2 (38  kDa) proteins, and in all strains 
were observed an intense band that match with PL and PG, 
except for recombinant strain T47 (data not shown). This 
indicates that the original location from the endogenous 
plg1 gene is not a transcriptionally active region.

Some researchers have used a strategy in which copies 
of target genes are inserted and increased in highly active 
regions of the genome, such as the ribosomal DNA locus, 
thereby obtaining increased protein production [18]. In 
addition, a growing number of studies have reported that 
an increase in protein production may not occur due to 
an insufficient supply of regulatory proteins or transcrip-
tion factors that are essential to the process, or because of 
inadequate culture conditions [11, 21, 30]. The difference 
between the increase in gene expression of pgg2 and that 

Fig. 3   Correlation of enzyme production and the number of copies 
of the plg1 and pgg2 genes under the control of the gpd promoter 
integrate in the genome of P. griseoroseum strains. PL (a) and PG (c) 
activity in the culture supernatant of recombinant strains (T) at 72 h. 

b Correlation between plg1 copy number and PL activity. d Correla-
tion between pgg2 copy number and PG activity. The results repre-
sent the mean ±  standard deviation from three independent experi-
ments
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of plg1, both of which were inserted into the genome of 
the recombinant strain T20, may be due to an effect of the 
position of these copies in the genome and not due to the 
2:1 difference in the number of copies of the pgg2 and plg1 
genes, respectively (Fig. 4a, b).

The analysis of plg1 and pgg2 gene expression in the 
recombinant strain T20 revealed a similar profile. This 
was an expected result because both the plg1 and the pgg2 
gene are under the control of the gpd promoter gene of A. 
nidulans when inserted into the genome of strain T20 [31]. 
The level of plg1 and pgg2 gene expression decreased after 
72 h of culture, concomitant with a reduction in the myce-
lial dry weight of the recombinant strain T20. These results 
can be explained by the depletion of the carbon source in 
the culture medium. Previous studies performed in our 

laboratory have demonstrated that, after 30  h of culture, 
sucrose and glucose residues cannot be detected. Accord-
ing to Silva-Udawatta and Cannon [28], during the con-
sumption of the available carbon source, the synthesis of 
reserve carbohydrates, glycogen, and trehalose is initiated. 
However, for cells grown in batch fermentation systems, 
a reduction in the transcription of many genes has been 
observed when glycogen is metabolized [35]. Fungi and 
yeast studies in which the regulation of genes coding for 
glyceraldehyde-3-phosphate dehydrogenase was evaluated 
demonstrated that this gene is regulated in response to the 
carbon source and that the amount of transcripts decreased 
when the amount of glucose decreased [22, 38]. Although 
the gpd promoter of A. nidulans is constitutively expressed, 
nutrient exhaustion affects its regulation, causing decreased 

Fig. 4   Analysis of plg1 and pgg2 gene expression, PG and PL activ-
ity, and growth curves of the PG63 and recombinant T20 strains. 
Comparative analysis of recombinant strain T20 with PG63, showing 
the relative expression of genes plg1 (a) and pgg2 (b); the activity of 

PL (c) and PG (d) in the culture supernatant. Mycelial dry weight (e). 
The results represent the mean  ±  standard deviation of three inde-
pendent experiments
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expression following the stationary phase of mycelial 
growth in the recombinant strain P. griseoroseum T20.

Therefore, P. griseoroseum has great potential and suit-
able characteristics for use as a host strain in industrial 
applications because its genetic characteristics enable het-
erologous transformation and it possesses an efficient pro-
tein production and secretion system.
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