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Abstract Trichoderma reesei is the most important industrial
cellulase-producing filamentous fungus. Although its molec-
ular physiology has been investigated, the signal transduction
pathways are not fully understood. In particular, the role of
casein kinase II (CKII) is not yet clear. In this work, we carried
out functional investigations on a catalytic subunit of CKII,
CKllx2. Comparison of the phenotypic features of 7. reesei
parent and Ack2a?2 strains showed significant changes fol-
lowing ck2a.2 disruption. T reesei Ack2a.2 form significantly
smaller mycelial pellets in glucose-containing liquid mini-
mum media, have shorter and fewer branch hyphae, produce
smaller amounts of chitinases, produce more spores, show
more robust growth on glucose-containing agar plates, and
consume glucose at a significantly higher rate. Suggestions
can be made that CKIIx2 governs chitinase expression,
and the disruption of ck2a?2 results in lower levels of
chitinase production, leading to a weaker cell wall disruption
capability, further resulting in weaker hyphal branching,
which eventually leads to smaller mycelial pellets in liquid
media. Further conclusions can be made that CKIIx2 is
involved in repression of sporulation and glucose metabo-
lism, which is consistent with the proposal that CKIla2
represses global metabolism. These observations make the
deletion of ck2a.2 a potentially beneficial genetic disruption

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-015-6544-y) contains supplementary material,
which is available to authorized users.

P< Xu Fang
fangxu@sdu.edu.cn

! State Key Laboratory of Microbial Technology, School of Life

Sciences, Shandong University, Jinan 250100, China
2 School of Physics, Shandong University, Jinan 250100, China

for T. reesei during industrial applications, as smaller myce-
lial pellets, more spores and more robust glucose metabo-
lism are all desired traits for industrial fermentation. This
work reports novel unique functions of a CKII catalytic
subunit and is also the first genetic and physiological inves-
tigation on CKII in 7. reesei.
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Introduction

Lignocellulosic biomass such as forestry and agricultural res-
idues is an underutilized renewable energy source that is
projected to diversify sources for more secure and stabilized
energy supply (Lin and Tanaka 2006; Wang et al. 2012). The
biological degradation of lignocellulose to liquefied or gasi-
fied fuels has been a focus in both academia and industry
because of its high efficiency, low side-product generation,
and friendliness to the environment. However, due to the nat-
ural recalcitrance of plants against microbial degradation, an
extremely large and uneconomical dosage of cellulases is
needed for complete degradation of lignocellulose (Wang
et al. 2012). The use of cellulase hyperproducing organisms
has therefore been critical in the lignocellulosic energy
industry.

The most important industrial cellulase producer is
Trichoderma reesei (syn. Hypocrea jecorina), the filamentous
fungus that was first isolated during the Second World War
(Kubicek et al. 2009). The industrial mutants of this organism
have been shown to secrete a surprisingly large amount of
extracellular proteins (cellulases mostly), as much as
100 g/ (Cherry and Fidantsef 2003). This organism has
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therefore been a model organism for the physiology of
cellulase-producing filamentous fungus.

One key aspect of physiology for cellulase-producing fila-
mentous fungi is the signal transduction pathways, because
cellulase production has been shown to be stimulated and
suppressed by external carbohydrate and light signals (Ilmén
et al. 1997; Ivanova et al. 2013; Sternberg and Mandels 1979;
Tisch and Schmoll 2013). Indeed, research on the light-
regulated cellulase production (Seibel et al. 2012), the PKA-
cAMP pathway that was shown to modulate cellulase synthe-
sis (Schuster et al. 2012), and other cellulase-production af-
fecting pathways, such as the mitogen-activated protein kinase
pathways (Wang et al. 2013b, 2014) and membrane-bound
Ras GTPases (Zhang et al. 2012), have been conducted.
However, genomic and bioinformatic investigations has sug-
gested the presence of many signal transduction pathways and
factors in 7. reesei (Schmoll 2008), while the knowledge
on some of these pathways and factors are limited to the
bioinformatics level rather than the biochemistry, genetics,
and physiological functions. It is therefore necessary to
further see into the physiological roles of signal transduc-
tion related factors that are yet to be studied, such as the
casein kinase II (CKII).

CKII is a ubiquitous serine/threonine protein kinase in eu-
karyotes (Litchfield 2003). Constituted by two catalytic sub-
units (o subunits) and two regulatory subunits (3 subunits),
this heterotetrameric protein kinase is probably the most pleio-
tropic protein kinase in nature, with hundreds of identified
substrates (Meggio and Pinna 2003). CKII has been shown
to participate in cellular processes including signal transduc-
tion, cellular morphology, cellular polarity, cell viability, cell
cycle progression, and ion homeostasis (Bidwai et al. 1995;
Lei et al. 2014; Tripodi et al. 2007).

Although plenty of investigations have been carried out on
the biochemical properties and physiological functions of
CKII in organisms including human and Saccharomyces
cerevisiae, only a couple of papers have been published on
the role of CKII in filamentous fungi. In Neurospora crassa, it
was reported that CKII is involved in circadian rhythm regu-
lation, as well as growth, aerial hyphae formation, and
conidiation (He et al. 2006; Mehra et al. 2009; Yang et al.
2002). In the chestnut pathogen Cryphonectria parasitica, a
role of CKII in virulence was reported (Salamon et al. 2010).
Most notably, in the cellulase hyperproducing Penicillium
oxalicum, the deletion of the regulatory subunits of CKII leads
to lower levels of conidiation, slower conidia germination,
delayed mycelia autolysis, and lower levels of glycoside hy-
drolase production (Lei et al. 2014).

A biochemical study on 7. reesei Crel, the transcription
factor involved in carbon catabolite repression (CCR), sug-
gested that Crel is phosphorylated at Ser**!, and dephosphor-
ylation of Crel leads to inability to bind to its target DNA
sequences (Cziferszky et al. 2002). It was further found that
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the amino acid sequence flanking Ser**' matches the phos-
phorylation site motif for casein kinase II (Cziferszky et al.
2002). These findings led to the hypothesis that CKII partic-
ipates in the regulation of cellulase production by phosphory-
lating and activating Crel for the induction of CCR. However,
a decade after the publication of these findings, there is still no
further report on the role of CKII in 7. reesei. Here, we de-
scribe the analysis of CKII subunits in 7. reesei, the disruption
of the gene encoding one catalytic subunit CKIlx2, and the
first functional analysis of this subunit.

Materials and methods
Strain and software

T. reesei strain TU-6 (ATCC MYA-256) is a uridine auxotro-
phy pyr4-negative derivative of 7. reesei QM9414. The non-
homologous end joining (NHEJ) pathway deficient Aku70
mutant of the TU-6 strain was used as the parent strain
in this study to enhance transformation and recombination
efficiencies according to previous reports (Zhang et al.
2009). This parent strain is referred to TU-6 hereafter.
Transformation procedures for knockout strain construction
were essentially the same as previously described (Gruber
et al. 1990). Uridine was added to all growth media at a
concentration of 1 mg/ml for TU-6. Both 7. reesei QM6a
(ATCC 13631) and QM9%414 (ATCC 26921) strains are
ancestral strains of modern industrial 7. reesei strains that
are frequently used in physiological studies (Montenecourt
and Eveleigh 1977; Wang et al. 2012).

Microsoft Excel and Powerpoint 2013 were used for figure
preparation. The Roche LightCycler® 96 application version
1.0.0.1240 and Microsoft Excel 2013 software were used for
real-time PCR data manipulation.

Phylogeny

The phylogenetic analysis of kinases and comparison of pro-
tein sequences were carried out using the neighbor-joining
method with the ClustalX2 software (Larkin et al. 2007).

Microscopy

Light field microscopic observations of the hyphae of
T reesei strains were carried out using a phase contrast
microscope (Nikon eclipse 80i, 400-fold magnification,
Nikon Corporation, Tokyo, Japan). For hyphae preparation,
1x10° fresh spores were inoculated into a flask containing
50-ml minimal media plus 2 % glucose (Wang et al. 2013b).
The hyphae were picked from the cultures and stained with
safranine for observation. Hyphal branching frequencies and
branch hyphae lengths were calculated using the ImageJ
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software from photos taken using the microscope (Schneider
et al. 2012).

Scanning electron microscopy (SEM) was performed using
Nova NanoSEM 450 (FEL Hillsboro, OR, USA). For sample
preparation, cells washed with double-distilled water were
first fixed with 2.5 % glutaraldehyde for 4 h. The fixed cells
were then dehydrated by sequential incubation with 30, 50,
70, 85, and 90 % ethanol for 15 min each, followed by incu-
bation two times with 100 % ethanol for 15 min each time.
The cells were eventually incubated two times with isoamyl
acetate for 20 min each time and dried on a copper sheet at
30 °C overnight prior to observation.

Growth on plates

For phenotypic analysis of the colonies developed by 7. reesei
strains, 1x10° spores were inoculated on minimal media agar
plates containing various carbon sources or Avicel double-
layer plates according to previous reports (Wang et al.
2013b). Triton X-100 (0.05 %) was added in each plate for
clearer colony edge development. The plates were incubated
at 30 °C for 8 days prior to examination.

Shake-flask growth and observation

Approximately 1% 10° spores of T, reesei strains were inocu-
lated into 50 ml of liquid minimal media containing 2 % glu-
cose (Wang et al. 2013b). Growth then took place in a shaker
with 200 rpm agitation at 30 °C. Glucose concentration during
the growth was determined using a high-performance liquid
chromatography (Hitachi, Ltd., Tokyo, Japan) equipped with
a Rl detector (model L-2490, Hitachi, Ltd., Tokyo, Japan) and
an Aminex HPX-87H column (7.8%300 mm, 9-um particle
size, Bio-lab Laboratories Inc., Hercules, CA, USA). The cul-
tures were carefully poured into a Petri dish for the observa-
tion of mycelial pellet sizes after 4 days of growth. The same
cultivation conditions were used for RNA preparation,
chitinase level analysis, and cellulase level analysis, except
that 2 % wheat bran plus 2 % Avicel instead of glucose were
used as the carbon source.

Growth in bioreactor

Seed cultures were prepared by inoculating 1x10° fresh
spores in 300 ml of minimal media plus 2 % glycerol
as the carbon source and growing the culture in a shaker
at 200 rpm and 30 °C for 3 days. The seed cultures were
then inoculated in a 3-1 fermenter (model BLB10-3GJG,
Bailun bio-Technology, Shanghai, China) containing 2-1
minimal media plus 2 % glucose. Glucose content in the
fermenter was monitored using a high-performance liquid
chromatography (Hitachi, Ltd., Tokyo, Japan) equipped with
a RI detector (model L.-2490, Hitachi, Ltd., Tokyo, Japan) and

an Aminex HPX-87H column (7.8%x300 mm, 9-um particle
size, Bio-lab Laboratories Inc., Hercules, CA, USA). Biomass
formation was assayed by determining the dry weight of
mycelia. To do this, mycelia were collected from the fermen-
ter, dried by baking at 80 °C for 24 h, and weighed with an
analytical balance.

Analytical methods

Test of sporulation was carried out essentially following the
protocols reported previously (Wang et al. 2014). Three bio-
logical replicates were carried out for each experiment.

1. reesei strains were grown in minimal media containing
2 % wheat bran and 2 % Avicel at an agitation of 200 rpm for
the examination of cellulase activities. Enzymatic assays and
biomass analysis were carried out following previously pub-
lished protocols (Hideno et al. 2011; Wang et al. 2013b).
Extracellular protein contents were measured using the Lowry
method (Lowry et al. 1951). Three biological replicates were
carried out for each experiment. To ensure both 7. reesei strains
receive the same level and frequency of illumination, they were
cultured side-by-side for the comparison of cellulase production.

The assay for chitinase activities was carried out essentially
as previously reported (Lee et al. 2007). Two changes were
made in the protocol: 65 °C was used for the digestion of
colloidal chitin, and the reaction system was scaled up by
10-fold for better data accuracy. Three biological replicates
were carried out.

Total RNA was extracted from 7. reesei strains that have
grown on media containing both 2 % wheat bran and 2 %
Avicel for 3 days for real-time PCR assays of cellulase- and
chitinase-coding genes (Wang et al. 2013a). Real-time PCR
experiments were carried out using a LightCycler 96 Real-
Time PCR system (Roche Applied Science, Mannheim,
Germany). FastStart Essential DNA Green Master (Roche
Applied Science, Mannheim, Germany) was used as the dye
for the reactions. For each experiment, three biological repli-
cates were carried out. For each biological replicate, three
technical replicates were carried out. A total of nine (3%3)
replicates were carried out for each reaction. Primers used in
these analyses are summarized in Online Resource Table S1.

Southern blotting analysis was carried out as previously
reported (Wang et al. 2013b). The genomic DNAs were
digested with PsI prior to hybridization.

Statistics

The Student’s ¢ test was used to test for significant differences
between two sets of data. A value of p<0.05 was considered
statistically significant. Standard deviations (SD) were calcu-
lated for each experiment repeated at least three times and
were presented in figures as the lengths of error bars or in an
average+SD manner.
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Results
CKII subunits in 7. reesei

Analysis of the T reesei genome leads to the identification of
genes that likely encode CKII catalytic and regulatory sub-
units. These four encoded proteins were annotated as isoforms
of CKII catalytic (Trire2 79503, Trire2 5127) and regulatory
(Trire2 124117, Trire2 120589) subunits. They are subse-
quently named CKIlxl, CKIIx2, CKIIA1, and CKII[32.
Sequence comparison of the two catalytic subunits of CKII
with previously reported fungal CKII catalytic subunits
showed they have high sequence identity (>40 %, see
Online Resource Table S2) supporting their annotation as
CKII catalytic subunits. A phylogenetic tree was constructed
from the deduced sequences of protein kinases from fungal
species (Online Resource Fig. S1), further suggesting that
both CKIlx1 and CKIIx2 are catalytic subunits of CKII.
Additional conclusions can be drawn from this phylogenetic
analysis that CKIlx1 is more closely related to other fungal
CKII catalytic subunits, while CKIlx2 is relatively distantly
related.

Disruption of ck2a:2 leads to hampered mycelial pellet
formation

Disruption of ck2a2 in T reesei was carried out via homolo-
gous recombination as previously described (Wang et al.
2013b) (Online Resource Fig. S2). The disruption of ck2al

Fig. 1 Phenotypic features of
hyphae. a mycelial pellets formed a
by T. reesei strains. b microscopic
observations of hyphae from
parent and Ack2a.2 strains. TU-6,
T. reesei TU-6; Ack2a2, T reesei
Ack2a2; QM6a, T. reesei QM6a;
QM9414, T reesei QM9414. All
strains were grown on liquid
minimum media with 2 %
glucose as the carbon source
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QM9414

was attempted over three times. Although mutated genomes
lacking ck2a] could be constructed, it is obvious from PCR
examination of the genotypic features (data not shown) that
the cells in the fungal mutant are heterocaryons, and spores
bearing only the mutated genome cannot be obtained. These
findings are in consistence to our hypothesis that ck2«/ could
be an essential gene.

Growth of T reesei Ack2a2 in glucose-containing liquid
minimal media leads to an interesting finding: unlike the par-
ent TU-6 strain, 7. reesei QM6a and T. reesei QM9414 that
form large mycelial pellets, the Ack2a.2 mycelia are aggregat-
ed to a lesser extent, forming smaller pellets (Fig. 1a). To
further understand mechanisms underlying this phenomenon,
we analyzed changes of hyphal morphology following ck2c.2
deletion. Obviously fewer and shorter branches are produced
by T. reesei Ack2a2 (Fig. 1b) when observed using a light
field microscope, although SEM analysis did not show clear
changes in the fine surface structures of hyphae (Online
Resource Fig. S3). This observation can be further confirmed
by statistical analysis of branching frequencies and the
lengths of branch hyphae. The Ack2a2 strain has a sig-
nificantly longer distance between branches (8.59+
2.80 um, n=111) than the parent TU-6 strain (5.70+
1.82 um, n=78, p=2.98x10""%). The length of the second
branch hypha from the tip is 4.05+1.62 um (n=63) for
the Ack2a?2 strain, significantly shorter than that for the
parent TU-6 strain (4.77£2.20 um, n=80, p=0.025).

The disruption of cell wall is required for the biogenesis of
branch hyphae (Yamazaki et al. 2008). One major component

TU-6

AckZa2

AckZa2
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of fungal cell wall is chitin (along with (3-1,3-glucan).
We therefore examined chitinase transcription levels of
T reesei TU-6 and Ack2a?2 strains to see if weakened
cell wall disruption capability could contribute to the
weaker hyphal branching in 7. reesei Ack2a?2
(Fig. 2a). Out of the 12 examined chitinase genes, 8
genes (chil8-2, chil8-3, chil8-4, chil8-5, chil8-6,
chil8-7, chil8-11, and Trire2 56894) are significantly
downregulated (n=9, p=0.0076, 3.75x107°, 6.33x10°,
0.014, 0.0010, 0.00011, 1.34x107°, and 1.35x10~"°, re-
spectively), while only two genes chil8-9 and chil8-15
are upregulated (n=9, p=0.0076 and 0.013). Further
analysis of chitinase production in 7. reesei strains
showed decreased chitinase levels in 7. reesei Ack2a?2,
in agreement with the transcriptional results (Fig. 2b).These
results suggest the disruption of ck2.2 leads to weakened cell
wall disruption capabilities in 7. reesei, which in turn contrib-
utes to the weakened branch hyphae biogenesis.
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Fig. 2 Expression levels of chitinase-coding genes and the production of
chitinases. a expression of chitinase-coding genes, the expression levels
of the actin-coding gene was used for expression level normalization; b
production of chitinases. *p<0.05; **p<0.01; ***p<0.001. Total RNA
for real-time PCR assays was extracted from 7. reesei strains grown on
liquid minimum media containing 2 % Avicel and 2 % wheat bran for
3 days. The assay for chitinase formation was carried out under the same
condition
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Improved spore formation, glucose consumption,
and biomass accumulation in 7. reesei Ack2a2

The parent TU-6 and the Ack2a2 knockout strains were
grown on wheat bran plates for 7 days for maximized sporu-
lation prior to the spore formation analysis. 7. reesei Ack2a.2
can produce 3.61+0.66x 107 spores per plate, significantly
higher than that of the parent TU-6 that produced 2.09+
0.20x 10" spores per plate (72.7 % increase, p=0.018, n=3)
(Fig. 3). This is a suggestion that CKIIx2 is involved in spor-
ulation repression in 7. reesei.

The growth of 7. reesei parent and Ack2a.2 strains were
examined on agar plates containing 2 % glycerol, 2 % glucose,
1 % glucose + 1 % Avicel, and double-layer Avicel plates
containing 1 % Avicel on the top layer. No significant changes
were observed on glycerol-containing plates or double-layer
Avicel plates. However, T. reesei Ack2a2 developed an obvi-
ously larger colony than the parent strain when grown on
plates containing glucose and Avicel + glucose (Fig. 4).
Further, day-to-day comparison of colony sizes between the
parent (n=8) and knockout (n=7) strains showed significantly
larger colony sizes developed by the knockout strain (Fig. 5).
This observation leads to the suggestion that 7. reesei Ack2a.2
grows better on glucose and accumulates more biomass when
using glucose as a carbon source.

This suggestion was further confirmed with a shake flask
experiment in which both TU-6 and Ack2a.2 strains were
grown using glucose as the sole carbon source. The glucose
concentration was monitored during growth (Fig. 6a). The
results clearly show that 7. reesei Ack2a:2 consumes glucose
faster than the parent TU-6 strain. Analysis of glucose con-
sumption of TU-6 and Ack2a?2 strains grown in a fermenter
showed the same results (Fig. 6b). Biomass formation analysis
of TU-6 and Ack2a?2 strains grown in a fermenter further
suggested the accumulation of biomass is faster for 7. reesei
Ack2a? before biomass reached the maximum at the 21st
hour (Fig. 6¢).
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Fig. 3 Sporulation levels of T reesei parent and Ack2c2 strains.
*p<0.05. Spores were harvested (prior to counting) from strains grown
on Potato Dextrose Agar (PDA) plates for 6 days

@ Springer



5934

Appl Microbiol Biotechnol (2015) 99:5929-5938

Fig. 4 Growth of T’ reesei parent
and Ack2a?2 strains on agar plates
containing various carbon sources

Avicel
and double-layer Avicel plates =

Cellulase synthesis

Cellulase production levels of TU-6 and Ack2a?2 strains
grown in media containing both wheat bran and Avicel were
assayed (Fig. 7a—e). No significant changes could be observed
following the deletion of ck2a.2 on the extracellular protein
level, FPA that indicates overall cellulase activity, pNPCase
activity that measures the exo-f3-glucanase activity, CMCase
activity that measures the endo-3-glucanase activity, and
pNPGase activity that represents the (3-glucosidase activity.
The difference of biomass formation between TU-6 and
Ack2a?2 strains is not significant, suggesting the cellulase
production per unit of biomass following the deletion of
ck2a2is unchanged (Fig. 7f). This suggestion is in agreement
with our observation that the difference of transcriptional
abundance of major cellulase-coding genes cbhl, cbh2, egll,
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Fig. 5 Area of T. reesei parent and Ack2a2 colonies on glucose-
containing agar plates. ***p<0.001
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egl2, and bgll between TU6 and Ack2a?2 is minor, particu-
larly for the genes encoding the two most important cellulases
cellobiohydrolase I and II (chh ! and cbh?2) (Fig. 7g). Although
these results cannot exclusively demonstrate that CKIlo2 is
not involved in cellulase synthesis regulation in 7 reesei, it is
indeed apparent that the deletion of ck2a2 does not impact
overall cellulase production.

Discussion

The organization of CKII varies among fungal species. In
S. cerevisiae, the CKII complex are mainly present in the form
of heterotetramers (Domanska et al. 2005), although
standalone single catalytic subunits were also reported to be
functional (Abramczyk et al. 2003). The number of CKII «
subunit copies varies among fungal species, from one in
N. crassa, Schizosaccharomyces pombe, and P. oxalicum to
two in S. cerevisiae, Candida albicans, and T. reesei. No clear
correlation could be identified between the numbers of CKII o
subunits encoded in genomes and the taxonomy or physiology
of the microbes. The different o« subunits in the same organ-
ism do not appear to share the same role or to be interchange-
able, as functional standalone CKII o’ subunits could be iden-
tified in S. cerevisiae, while standalone functional CKII o«
subunits were not identified (Abramczyk et al. 2003). We
can therefore postulate that the two CKII « subunits in
T. reesei may play different roles, although their functions in
the same mechanism are also likely.

The phylogenetic and functional analysis of CKIlo2 sug-
gests it is a rather unique CKII component. Its far evolutional
distance from any other CKII catalytic subunits in fungi in the
phylogenetic analysis (Online Resource Fig. S1) hints its
function may differ from other fungal CKII catalytic subunits.
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Indeed, all the phenotypic features of 7. reesei Ack2a2 are
unprecedented among the ck2 mutant strains of other fungi,
suggesting that the function of CKIlx2 in T. reesei is funda-
mentally unique. This, however, does not mean that the CKII
complex in T reesei also plays a fundamentally different role

from other fungal species, as it is possible that CKII2 may
function as a standalone protein similarly to in S. cerevisiae,
while the CKII catalytic subunit present in CKII complex is
CKlIlal.

Analysis of the T. reesei Ack2a2 suggests several different
aspects of physiology that CKIIx2 is involved in: chitinase
formation, branch hyphae biogenesis, mycelial pellet forma-
tion, sporulation repression, and glucose metabolism repres-
sion. Interestingly, CKIIx2 seems to be counter-productive for
growth or fermentation productivity for 7. reesei in all these
processes. The deletion of ck2a2 could therefore have a pos-
itive influence on 7. reesei, particularly during industrial
fermentation.

The formation of mycelial pellets is a common phenome-
non observed during growth of filamentous fungi in sub-
merged media (Papagianni 2004). The formation of mycelial
pellets is the result of inter-connecting and inter-entangled
hyphae, as a consequence of prolonged branch hyphae forma-
tion. Branch hyphae formation, on the other hand, starts with
hyphae budding from the side of a preexisting hypha, some-
times requiring chitinases for the digestion of its own cell wall
for the budding process (Yamazaki et al. 2008). Our mecha-
nistic investigations provide a possible explanation to the
smaller pellets formed by 7. reesei Ack2a2 during submerged
growth: CKIIx2 is required for optimal chitinase formation,
while the deletion of ck2a.2 results in hampered chitinase syn-
thesis, and therefore fewer and shorter branch hyphae, which
eventually is the cause for less entanglement between hyphae.

Growth and sporulation are two fundamental processes in
filamentous fungi that can serve as indicators for the robust-
ness of metabolism. The improvement of both sporulation and
growth on glucose following ck2a2 deletion is a strong sug-
gestion that the metabolism of T reesei is more robust. These
observations lead to the hypothesis that CKIIx2 may be in-
volved in a process that slows down metabolism. We cannot,
however, rule out the possibility that CKIlx2 participates in
two independent pathways each repressing sporulation and
glucose metabolism.

Results obtained in this work suggest that the deletion of
ck2a2 leads to smaller mycelial pellets, better sporulation, and
better glucose metabolism, all of which are mostly beneficial
to industrial fermentation processes. As a commonly observed
phenomenon, the formation of mycelial pellets during sub-
merged fermentation is in many cases detrimental to the fer-
mentation industry, as the embedded hyphae are exposed to a
lower level of nutrient and oxygen than when it is fully ex-
posed to the liquid media, and therefore have a lower produc-
tivity or even go into autolysis (Papagianni 2004). Methods to
solve this problem include increasing agitation, which breaks
down the mycelial pellet but meanwhile also causes damage
to the cells. This problem does not happen when using the
T. reesei Ack2a2 strain, as the disruption of mycelial pellets
is not by physical forces. We can therefore speculate that the
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Fig.7 The production of cellulases and the transcription of cellulase-
coding genes in T reesei parent and Ack2a?2 strains. a FPase activity
levels; b extracellular protein levels; ¢ pNPGase activity levels; d
CMCase activity levels; e pNPGase activity levels; f biomass
formation; g expression levels of cellulase-coding genes. The
expression levels of the actin-coding gene were used for expression

mycelial pellet issue in industrial fermentations may be par-
tially alleviated simply by deleting ck2«.2. Spore suspension is
frequently used in the fermentation industry, when purifying
strains to prevent degeneration, as well as occasionally during
seed preparation. Better sporulation shortens the time for
spore suspension preparation and therefore is beneficial to
the industry. Glucose supplementation is a commonly used
strategy to improve energy and substrate feed. Having better
glucose metabolism allows more energy input during fermen-
tation, especially when glucose is supplemented routinely.
With these considerations in mind, further work may be car-
ried out on characterizing the behavior of 7. reesei Ack2a2
during fermentation processes. If no further adverse effects

@ Springer

level normalization. *p<0.05; ***p<0.001. Total RNA for real-time
PCR assays was extracted from 7. reesei strains grown on liquid
minimum media containing 2 % Avicel and 2 % wheat bran for
3 days. The assays for cellulase formation were carried out under
the same condition

could be identified, a better fermentation performance is ex-
pected with the mutant strain.

Previously published work suggested the involvement of
CKII in carbon catabolite repression in 7 reesei by phosphor-
ylating and activating a key transcription factor Crel
(Cziferszky et al. 2002). Although this work does not deny
this hypothesis, it does not support this theory either: the cel-
lulase production appears to be the same before and after
ck2a2 deletion. This could be because further molecular
mechanisms have yet to be identified for CKIIx2. It could
also be due to CKIlel, rather than CKIlo2, fulfills this phys-
iological role. Unfortunately, we are unable to obtain a
Ack2a] mutant strain and therefore are not able to further
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see into these possibilities in this work. To fully elucidate the
role of CKII in cellulase production in 7. reesei, further work
needs be done on the CKIlx1 catalytic subunit in future
studies.

T reesei is one of the most important industrial filamentous
fungi and has been subjected to intensive physiological and
genetic studies, particularly since the publication of its
genome sequences in 2008 (Martinez et al. 2008). The
investigations on the signal transduction pathways of
T reesei, however, have been incomplete. In this work,
we contributed on the functional analysis of CKllx2, a
hypothetical subunit of the CKII complex. This is the first
report on CKII since the original hypothesis of CKII func-
tion in 2002 (Cziferszky et al. 2002), and we expect that
this work could benefit the further understanding of signal
transduction pathways in 7. reesei.
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