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Expression of pectinolytic genes is regulated by catabolic repression limiting the production
of pectin lyase (PL) if the natural inducer, pectin, is missing from the growth medium. Here,
we report the isolation of Penicillium griseoroseum mutants resistant to 2-deoxy-D-glucose
(DG) that show resistance to catabolite repression and overproduce PL. Three spontaneous
and nine UV-induced mutants were obtained. Some mutants produced sectors (segments
morphologically different) that were also studied. The mutants were analyzed for pectinases
production on pectinase-agar plates and five mutants and two sectors showing larger clear-
ing zones than the wild type were selected for quantitative assay. Although PL production
higher than the wild type has been found, phenotype instability was observed for most of
the mutants and, after transfers to nonselective medium, the DG resistance was no longer
present. Only mutants M03 and M04 were stable maintaining the DG-resistance phenotype.
When growing for 120h in liquid medium containing glucose with or without pectin, both
mutants showed higher PL production. In the presence of glucose as sole carbon source, the
mutant MO3 produced 7.8-fold more PL than the wild type. Due its phenotypic stability and
PL overproduction, the mutant M03 presents potential for industrial applications.
© 2017 Sociedade Brasileira de Microbiologia. Published by Elsevier Editora Ltda. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction

The Penicillium griseoroseum strain, isolated in Vigosa/MG
(Brazil), is a good producer of pectin lyase (PL).’ That enzyme is
partof the pectinolytic complex that catalyzes the degradation

* Corresponding author.

of pectic polysaccharides found in the plant cell wall and plays
an important role in several industrial applications.? PL is an
important enzyme because it is the only known pectinase
capable of degrading highly esterified pectin without the prior
action of other enzymes.>*
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Our group has studied several aspects of the P. griseoro-
seum physiology and genetics in order to search for strains
over-producing PL for industrial application. For instance, two
genes, plgl and plg2, coding for pectin lyase in P. griseoro-
seum have been isolated.” Pectin induces the plgl expression
and, in the absence of pectin, sucrose supplemented with
yeast extract induced plgl but not plg2 that showed basal
levels of expression.® The plgl gene is repressed by glu-
cose and other simple sugars, which is consequence of the
catabolic repression.® That mechanism inhibits the synthesis
of enzymes required for the utilization of alternative carbon
sources usually via repression of gene expression by CreA-
like proteins.” cAMP is involved in the PL production by P.
griseoroseum® and the plgl expression is dependent of the
cAMP transduction signal.® The plgl gene was used, after
the development of a homologous transformation system,’
to obtain recombinant P. griseoroseum strains producing high
levels of PL.'%! Besides that, we have used protoplast fusion
between P. griseoroseum and Penicillium expansum to obtain
increased PL production.’?

Another approach to increase the production of pecti-
nolytic enzymes in fungal species is the isolation of mutants.'?
In that case, if a selection pressure is present, phenotypes of
interest can be more easily obtained. One of the phenotypes
that has been associated with pleiotropic mutations (single
mutations affecting multiple functions) increasing the fun-
gal enzyme production is the resistance to 2-deoxy-D-glucose
(DG).***> DG is a glucose toxic analog where the hydroxyl
group at C-2 is replaced by a hydrogen atom. Once transported
to the intracellular medium, DG is phosphorylated to DG-6-
phosphate whose accumulation inhibits the cell growth.'®’
In this way, when present in the medium, DG only allows
resistant mutants to grow. Those mutants generally show
catabolite repression resistance presenting increased enzyme
production even when glucose is available.’® Mutants show-
ing DG resistance have been isolated in different species of
filamentous fungi.'18-22

In this context, the objective of this work was to investigate
the deregulation of the catabolite repression in mutants of
P. griseoroseum resistant to 2-deoxy-D-glucose. We were inter-
ested in mutants for industrial application specifically the
ones that overproduce PL in a carbon source of lower cost as
glucose.

The P. griseoroseum wild type strain, which was isolated
from seeds of forest plants by Dr James ]. Muchovej of
the Departamento de Fitopatologia, Universidade Federal de
Vicosa, Brazil, was used in two different strategies in order
to isolate the DG-resistant mutants. Firstly, spontaneous
mutants were isolated by plating 0.1mL of a conidial sus-
pension (107 conidia/mL) on agar minimum medium?® with
1% fructose and DG, testing the concentrations of 1, 2, 4 and
8 g/L. The plates were incubated at 25°C for 7 days. This test
allowed the determination of the minimum growth-inhibitory
concentration of 2-deoxy-D-glucose in P. griseoroseum. The con-
centration of 4 and 8 g/L of DG completely inhibited the growth
of the parental strain and all the further experiments were
conducted with the concentration of 4 g/L. Secondly, UV irra-
diation was applied in a conidial suspension (107 conidia/mL)
in order to isolate induced mutants. A conidial suspension
(2mL) on a Petri dish was exposed to UV light at a distance

of 15 cm for 5min to provide a survival rate of approximately
5%. Appropriate dilute conidial solution were plated on agar
minimal medium with 4g/L DG and 1% fructose and then
incubated at 25°C for 7 days. All the colonies (spontaneous
or induced) showing DG-resistance were transferred to plates
containing complete medium for conidial purification. Three
mutants were instable and presented sectors (which are areas
of the colony showing different morphological characteristics)
that were also purified.

After purification, the pectinase production of the P. grise-
oroseum DG-resistant mutants and the three sectors was
analyzed in solid medium by the diameter of the clear zone
formed, caused by the pectin degradation around the discs
containing part of the colony. For that, the mutants were
transferred onto a medium containing (g/L): KHyPO4, 2.0;
KHPOy, 7.0; MgS04-7H,0, 0.1; (NH4),S04, 1.0, pH 7.0, supple-
mented with 3.0g citric pectin and 1.5g agar. After 5 days
of incubation at 25°C, agar discs (7 mm diameter) containing
mycelium from the colonies were transferred to Macllvaine
buffer (0.2M Nay;HPO,4 and 0.1 M citric acid, pH 6.0), 0.25% cit-
ric pectin and 1.5% (w/v) agar and incubated for 48 h at 40°C.
Iodine-potassium iodine solution (1.0 giodine, 5.0 g potassium
iodine and 330 mL H,0) was added to detect clearing zones.

The PL activity on liquid medium was evaluated in mutants
and sectors showing higher pectin degradation zones than
the wild type. For that, the cultures were grown in a shaker
(150rpm) in Erlenmeyer flasks (125mL) with 50 mL of a lig-
uid medium (g/L): KoHPO4, 6.8; KHPOy4, 3.8; (NH4)2S04, 1.0;
MgS04-7H;0, 1.1; yeast extract, 0.6, pH 6.3. The carbon sources
were used: citrus pectin (Eskisa), 6.0 g/L; glucose, 6.0 g/L and
glucose plus citrus pectin, 3.0 g/L each. To each flask 1mL of a
spore suspension of 5 x 10”7 was added and incubated at 25°C
for 120h. That time represents the peak of PL production in
P. griseoroseum.! The pectin lyase activity was determined in
the culture filtrates (supernatant) by measuring the increase
in the absorbance at 235 nm as previously described by Alber-
sheim and Killias?* with modifications. The reaction mixture
was prepared with 1.5mL of culture filtrate and 1mL of 2.5%
(w/v) citrus pectin (Sigma) in 50 mM phosphate buffer, pH 6.8,
and incubated at 40°C for 30 min. The reaction was stopped
by the addition of 4.5mL of 0.01N HCl in 0.5mL of reaction
mixture. One unit of PL activity (U) was defined as one nmol
of unsaturated products produced per mL culture filtrate per
minute.

Nine UV-induced DG resistant mutants and three spon-
taneous mutants (named EO01, EO2 and E03) were obtained.
During growth on solid medium, the mutants M03, M05 and
MO6 presented sectors (named MO03/, MO5' and MO06') that
were isolated and analyzed separately. The pectinases produc-
tion in solid medium by the mutants and wild type revealed
variations from 19.3 to 29.3mm in diameter of the clear
zone (Table 1). That represents —25.7% to +12.7% in rela-
tion to the degradation zone presented by the wild type.
Although the color of the colony was not altered, some of the
mutants showed growth and sporulation visually lower than
the parental strain (Table 1). Poor sporulation, alteration in
pigment formation and slight growth of DG-resistant mutants
have also been reported by others.'4?122.2526 This is possibly
resulted of common regulators being shared by both repres-
sion of conidiation and catabolite repression.?’
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Table 1 - Size of the enzyme degradation zone (mm) and morphological characteristics of Penicillium griseoroseum

2-deoxy-D-glucose resistant mutants.

Strains Pectin degradation Colony color Sporulation Growth
WT 26.0 Green + +
EO1 23.6 Green + +
E02 25.0 Green + +
EO3 25.0 Green + +
MO1 22.4 Green + +
MO02 28.6 Green + +/—
MO03 28.0 Green + +
MO03 28.3 Green + +/—
MO04 27.3 Green +/— +/—
MO05 29.3 Green + +/—
MO5 29.0 Green + +/—
MO06 19.3 Green + +/—
MO6’ 25.6 Green +/— +/—
MO07 27.6 Green +/— +
MO8 20.0 Green + +
M09 21.6 Green +/— +/—

Strains with the letter “E” indicate spontaneous mutants and, with the letter “M”, the UV-induced ones.
MO03’, M05" and MO6’ indicate purified sectors (colony areas with different morphology) of the mutants M03, M05 and MO06.
Pectin degradation represents the diameter (mm) of the clear zone indicating pectinases activity.

(+) Sporulation and growth similar to the parental strain.
(+/—) Sporulation and growth lower than the parental strain.

The mutants (M02, M03, M04, M05 and M07) and the sec-
tors (M03’ and MO05’) were selected for PL production in liquid
medium since they showed pectin degradation zones greater
than the wild type. Those measurements were repeated three
times, and the PL activity of most of the strains varied (from
—12.0 to +94.4%) in all the repetitions (data not shown). In fact,
after some transfers to nonselective medium, the selected
mutants no longer showed resistance to DG, indicating an
unstable phenotype. When obtained in P. purpurogenum, DG-
resistant mutants also showed unstable cellulase activities.
The only mutants presenting a stable DG resistance phenotype
were the strains M03 and M04 (Fig. 1).

The PL production of the P. griseoroseum wild type strain and
the mutants M03 and M04 was evaluated in liquid medium
containing three different carbon sources: pectin (0.6%), the
natural inducer of pectinolytic enzymes; glucose (0.6%), which
represses the production of pectinolytic enzymes; and a mix
of both carbon sources (0.3% each). As expected, the higher
PL production by the wild type was detected in the presence
of pectin (Fig. 2). That pattern was not observed for M03 and
MO04. Both mutants showed resistance to catabolite repression
presenting increased levels of PL in presence of glucose with
or without pectin. Interestingly, PL activity was higher in the
presence of pectin plus glucose, which is probably related to
the amount of glucose used in the medium (3 g/L). It has been
reported that a low concentration of glucose (bellow 5 g/L) is
not enough to activate the catabolic repression.’*?%2? In fact,
when pectin is mixed with a low concentration of glucose, not
only the catabolite repression is not activated but there is also
an increase in enzymatic activity.'?® Although our results
corroborate these findings, it is not clear why mutants M03 and
MO04 produced higher amounts of PL when growing in pectin
plus glucose. The mechanism associated to that response pos-
sibly involves both the lack of repression and induction of the
plgl expression. In our experiments, while the PL activity in

Fig. 1 - Growth of Penicillium griseoroseum
2-deoxy-p-glucose (DG) resistant mutants (M03 and M04) in
agar minimal medium with 4 g/L DG and 1% fructose. WT
indicates the wild type. The plate was incubated at 25 °C for
9 days.

pectin was similar for the wild type and M03, that mutant
showed PL production 7.8-fold higher in glucose and 7.2-fold
higher in glucose plus pectin when compared to the wild type
(Fig. 2). Moreover, that mutant was consistent superior to M04
that showed PL production 31.1%, 38.4% and 33% lower in
glucose, glucose plus pectin and pectin, respectively. In this
way, besides being phenotypic stable, the mutant M03 showed
higher resistance to catabolite repression.
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Fig. 2 - Pectin lyase (PL) production by the
2-deoxy-D-glucose resistant mutants (M03 and M04) and
the Penicillium griseoroseum wild type (WT). PL activity was
measured in culture filtrates obtained after 120 h of growth
in liquid medium containing different carbon sources
(glucose 6%, glucose plus pectin 3% each, or pectin 6%). Unit
of PL is defined as one nmol of unsaturated products
produced per mL culture filtrate per minute.

In filamentous fungi, the catabolite repression usually
inhibits the assimilation of more complex carbon sources if
easier metabolized molecules are present. For this repres-
sion, CreA-like proteins bind to gene promoters containing
the consensus sequence 5'-SYGGRG-3' inhibiting the gene
transcription.” In P. griseoroseum, the deletion of CreA bind-
ing sites in the plgl gene promoter abolished the catabolite
repression by glucose.>® Assuming that mutations at the CreA
binding sites do not lead to DG resistance in mutants M03 and
MO04, the difference in PL production between these mutants
and the wild type should be associated to other genes. A num-
ber of mutations related to glucose assimilation are thought
to confer DG resistance. In N. crassa and A. niger, as much as
four loci are involved in DG resistance.'®3! Defects in mem-
brane transporters that would be less efficient in uptake DG,
mutations in enzymes that promote DG phosphorylation and
deficiencies in the phosphatase that hydrolyses DG preventing
the accumulation of DG-6-phosphate, are the mechanisms
though to be related to the DG resistance.'® For instance, the
glucokinase gene from Escherichia coli is capable to restore
the DG sensitivity in M. xanthus mutants. That suggests the
loss of DG phosphorylation as the resistance mechanism that
allowed the mutants to survive.”> The mechanism of glu-
cose assimilation is not only involved with mutations leading
to DG resistance but also with the cAMP signaling path-
way because a correlation between glucose availability and
the endogen cAMP level exists.>? Moreover, exogenous cAMP
added to culture medium was capable of inducing PL in
P. griseoroseum.® In fact, modulators of cAMP (caffeine and
sodium fluoride) induce the plgl expression revealing that
expression is dependent of the cAMP transduction signal.®
In this context, we hypothesized the mutation conferring
DG resistance in mutants M03 and M04 could be related to
the glucose assimilation that could increase the endogen
level of cAMP culminating in a more effective PL production.
Both mutants are interesting to be used in complementation

studies in order to elucidate the putative mechanisms for DG
resistance.

Increments in pectinase production by DG resistant
mutants have been reported as much as 1.65-fold (138U/g
for the wild type versus 228U/g by the mutant strain) in
submerged fermentation.'* The 7.8-fold increase in PL pro-
duction by mutant M03 is higher than that. It is also higher
than the increase observed for others enzymes evaluated in
DG-resistant mutants for other fungal species.?3* A 1.2-fold
improvement in PL production has also been obtained by
protoplast fusion between P. griseoroseum and P. expansum.'?
Future attempts could evaluate the PL production after proto-
plast fusion between mutant M03 and other strain showing
good PL production or between mutants M03 and MO04.
That strategy was used to increase the pectinase production
in a diploid strain generated via parasexual recombination
between two A. niger mutants previously reported as DG
resistant and pectinase overproducing.>' Other strategy to
increment PL production was reported by Cardoso et al.’® that
obtained a 57-fold increase in PL production when a P. griseoro-
seum transformant, carrying the plgl gene under control of a
strong and constitutive promoter, was grown only in presence
of glucose. In order to evaluate possible increment in PL pro-
duction, that same strategy can be adopted but using the M03
mutant as recipient strain in the transformation experiments.

In conclusion, we have successfully demonstrated that
2-deoxy-D-glucose can be used for the isolation of catabo-
lite repression resistant mutants in P. griseoroseum. For the
first time, PL overproducing mutants in P. griseoroseum was
reported. We suggested that the mutation leading to 2-DG
resistance in the mutants could be related to the glucose
assimilation that increases the endogenous cAMP level result-
ing in higher PL production. Mutant MO03 is suitable to be
evaluated in future experiments since it shows phenotypic
stability and PL overproduction in medium containing glucose
as sole carbon source. That is interesting because the use of
glucose as carbon source could reduce PL production costs.
Experiments in fermenter, after the optimization of culture
conditions, can enlighten the usefulness of that mutant for
industrial applications.
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