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INTRODUCTION

Hosts used for the production of recombinant proteins are typically high-protein secreting
mutant strains that have been selected for a specific purpose, such as efficient production
of cellulose-degrading enzymes. Somewhat surprisingly, sequencing of the genomes
of a series of mutant strains of the cellulolytic Trichoderma reesei, widely used as an
expression host for recombinant gene products, has shed very little light on the nature
of changes that boost high-level protein secretion. While it is generally agreed and shown
that protein secretion in filamentous fungi occurs mainly through the hyphal tip, there
is growing evidence that secretion of proteins also takes place in sub-apical regions.
Attempts to increase correct folding and thereby the yields of heterologous proteins in
fungal hosts by co-expression of cellular chaperones and foldases have resulted in variable
success; underlying reasons have been explored mainly at the transcriptional level. The
observed physiological changes in fungal strains experiencing increasing stress through
protein overexpression under strong gene promoters also reflect the challenge the host
organisms are experiencing. Itis evident, that as with other eukaryotes, fungal endoplasmic
reticulum is a highly dynamic structure. Considering the above, there is an emerging
body of work exploring the use of weaker expression promoters to avoid undue stress.
Filamentous fungi have been hailed as candidates for the production of pharmaceutically
relevant proteins for therapeutic use. One of the biggest challenges in terms of fungally
produced heterologous gene products is their mode of glycosylation; fungi lack the
functionally important terminal sialylation of the glycans that occurs in mammalian cells.
Finally, exploration of the metabolic pathways and fluxes together with the development of
sophisticated fermentation protocols may result in new strategies to produce recombinant
proteins in filamentous fungi.
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practice in fungal laboratories (Conesa etal., 2001; Nevalainen
etal., 2004).

As scavengers of recalcitrant polymers in nature, filamentous
fungi such as the cellulolytic Trichoderma reesei are exception-
ally good secretors of proteins outside the growing hyphae. Over
the years, this property has been improved to the extent that cur-
rent industrial production strains are well capable of secreting
of the order of 100 g/L homologous proteins into the cultiva-
tion medium under optimized fermentation conditions (Cherry
and Fidantsef, 2003). As these levels are far better than with any
other organism, filamentous fungi hold the promise for an ulti-
mate production host for recombinant proteins on an industrial
scale. Toward this end, current research is carried out into cellular
mechanisms for internal protein quality control, secretion stress,
functional genomics relating to protein expression and secretion,
post-translational protein modification, application of alternative
expression promoters, identification of specific transcription fac-
tors and linking the fungal physiology to productivity (reviewed
in Punt etal., 2002; Meyer, 2008; Lubertozzi and Keasling, 2009;
Sharma etal., 2009; Fleissner and Dersch, 2010; Schuster and
Schmoll, 2010; Ward, 2012). Molecular approaches such as opti-
mizing the codon usage and expressing foreign proteins as a fusion
to homologous highly secreted proteins, have become a routine

Apart from theyield, itis equally important that a given heterol-
ogous protein is produced in an active/functional form. Proteins
secreted from filamentous fungi are modified in the secretory path-
way by folding, proteolytic processing and addition of glycans as
the main modifications. From the point of view of making func-
tional recombinant proteins of mammalian origin in filamentous
fungi, the most crucial modification is perhaps glycosylation as it
may affect the functionality, serum half-life and immunogenicity
of a given protein. The main mode of glycosylation in filamen-
tous fungi is of the high-mannose type and the added sugars do
not feature the functionally important terminal sialylation of the
glycans that occurs in mammalian cells (Brooks, 2004; Deshpande
etal., 2008; De Pourcq etal., 2010). Potential developments in this
field will be discussed below.

Experimental evidence suggests that a considerable number
foreign proteins expressed in filamentous fungi is lost or stuck
in the secretory pathway because of incorrect processing, modi-
fication or misfolding that results in their elimination by cellular
quality control mechanisms (Archer and Peberdy, 1997; Gouka
etal., 1997). Genetic, transcriptomic and proteomic studies into
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these mechanisms have revealed several genes and regulatory cir-
cuits active in the process (Chapman etal., 1998; Pakula etal.,
2003; Al-Sheikh etal., 2004). This knowledge inspired a series
of papers involving overexpression of genes encoding cellular
foldases and chaperones in Aspergillus niger, co-expressed with a
heterologous gene of interest (see Nevalainen etal., 2004). The
results varied from “no effect” (e.g., prpA with calf chymosin;
Wang and Ward, 2000) to pdiA with plant thaumatin resulting in
fivefold yield improvement (Moralejo etal., 2001). The number
of published examples is too low to make any wider conclu-
sions but suggests that the yields of heterologous fungal proteins
have a better chance for improvement in a filamentous fungal
host than proteins of mammalian origin; the same holds true
with heterologous proteins that have been produced without a
chaperon-boost.

A typical lifecycle for an industrially applied filamentous fun-
gus includes vegetative hyphae and asexual conidia that germinate
forming new hyphae, or more rarely, production of sexual spores
that undergo meiosis. Proteins are mainly secreted through the
growing hyphal tip, making growth and protein secretion inti-
mately linked and thus difficult to study separately (Wessels, 1993).
The transport machinery in actively growing hyphae is required
to function efficiently to ensure that cell wall material needed
for growth is available in hyphal tips, a function that also links
to secretion of extracellular proteins. There are many examples
of growth rate-associated production of secreted proteins in fila-
mentous fungi, e.g., production of a-amylase by A. oryzae (Spohr
etal., 1998; Carlsen and Nielsen, 2001) and glucoamylase pro-
duction by A. niger (Schrickx etal., 1993; Withers etal., 1998;
Pedersen etal., 2000). Low growth rates in chemostat cultures
of T. reesei generally correlated with an increase in the produc-
tion of the extracellular proteins. However, protein production
decreased at very low growth rates when a rather large part of
the carbon source consumed was probably used for maintenance
requirements of the cell (Pakula etal., 2005). There is also evi-
dence that starvation will induce enzyme secretion as a quest for
the fungus to find food (Gonget al., 1979; Mach etal., 1999). These
findings underline the importance of adjusting the cultivation
parameters to create physiological conditions that support protein
production.

The transforming DNA is typically integrated as part of the
fungal genome as alternation between the hyphal growth and
formation of uni- or multinuclear conidia makes it hard to
maintain a population of autonomously replicating plasmids, for
example, to boost the gene copy numbers and thereby prod-
uct yields. Having said this, some fungi do possess autonomous
replication sequence (ARS) elements (e.g., Fusarium oxyspo-
rum, Powell and Kistler, 1990; A. nidulans, Gems etal., 1991;
Aleksenko and Clutterbuck, 1995, 1997; Phanerochaete chrysospo-
rium, Rao and Reddy, 1984; and Ashbya gossypii, Schade etal.,
2003) that may be used for increasing gene copy numbers to
boost product yields. The recent introduction of A. gossypii as a
potential production host for recombinant proteins (Ribeiro et al.,
2010, 2013; Ribeiro, 2012) has brought these elements back to the
limelight.

Filamentous fungi that dominate the scene as recombinant pro-
duction hosts are the asexually reproducing A. niger, A. oryzae, and

T. reesei. Consequently, most information on heterologous protein
expression has come from studies using these particular fungi
as well as the genetically well-characterized A. nidulans. A more
recent contender for production of homologous and heterologous
recombinant gene products is Chrysosporium lucknowense devel-
oped by Dyadic International Inc (Jupiter, FL, USA). Described
advantages of the C. lucknowense system are high transformation
frequencies, production of proteins at neutral pH, low viscosity of
the fermentation broth due to specific strains and short fermenta-
tion times (Punt etal., 2001; Emalfarb etal., 2003). In this paper,
we will concentrate on the work carried out with T. reesei that
can be translated to other relevant filamentous fungi with relative
ease.

Despite of the considerable amounts of work dedicated to the
topic and rapid development of new techniques, there have been
no big (published) break-throughs over the last few decades in
terms of pushing the yields of heterologous gene products to the
level of homologously produced proteins. So, what are we missing
and where to look next?

THE UNDERLYING EFFECTS OF RANDOM MUTAGENESIS
Filamentous fungi, have been developed as high-level enzyme
producers for over thirty years, first using random mutagenesis
and screening and more recently, genetic engineering (reviewed
in Nevalainen etal., 2005; Ward, 2012). The history of strain
improvement has been well documented for T. reesei (Durand
etal., 1988; Peterson and Nevalainen, 2012). As classical genetic
studies are not possible or not set up for the majority of the
popular production hosts such as A. niger and T. reesei, even
though the latter has a sexual stage (Hypocrea jecorina) and the
former has a close relative A. nidulans for which the genetics is
well known, the exact nature of the genetic constitution of hyper-
producing strains remained unknown until genome sequencing
became available. For example, sequencing of the genomes of
a series of high cellulase-producing mutant strains of T. reesei
revealed considerable changes in their genetic makeup compared
to the wild-type QM6a (Martinez etal., 2008; Seidl etal., 2008;
Le Crom etal., 2009; Vitikainen etal., 2010; reviewed in Peterson
and Nevalainen, 2012; and Kubicek, 2013) and explained some
of the observed phenotypic and metabolic characteristics; even
so, the basis for drastically improved protein secretion remains
unresolved.

Some of the high-protein producing strains such as T. reesei
RutC-30 (Montenecourt and Eveleigh, 1979) are routinely used
as expression hosts for homologous and heterologous gene prod-
ucts (reviewed in Mantyld etal., 1998; Peterson and Nevalainen,
2012). One proposed foundation for efficient protein (cellulase)
synthesis and secretion in this strain is an increased content of
endoplasmic reticulum (ER), which provides more volumetric
space for the synthesis of secreted proteins (Ghosh etal., 1982).
This finding ultimately lead to the concept of “freeing up” space
in the secretory pathway by deleting the genes encoding the major
secreted proteins, Cellobiohydrolase I (CBHI/Cel7A), Cellobiohy-
drolase IT (CBHII/Cel6A), and Endoglucanase I and IT (EGI/Cel7B
and EGII/Cel5A) in the case of T. reesei resulting in strains miss-
ing these genes in different combinations (Seiboth etal., 1992;
Karhunen etal., 1993; Suominen etal., 1993; Wang etal., 2004;

Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation

February 2014 | Volume 5 | Article 75 | 2


http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive

Nevalainen and Peterson

Recombinant proteins in filamentous fungi

Rahman etal., 2009). In theory, eliminating the CBHI protein
from the secretory pathway should free up about 60% of the
capacity (Nummi et al., 1983; Harkki et al., 1991). While the oper-
ation has been moderately successful in some cases, in some
others deletion of the gene encoding a major secreted protein
has made no difference to the yield of a secreted recombinant
protein (Miettinen-Oinonen etal., 1997). Deletion of the cbhi
gene has been executed by targeted replacement of the endoge-
nous cbhl locus with the gene of interest (e.g., Karhunen etal.,
1993; Joutsjoki, 1994; Saarelainen et al., 1997; Miettinen-Oinonen
and Suominen, 2002) with the presumed advantage of expressing
the desired gene from a locus with high transcription efficiency.
As an example, targeted replacement of the cbhl locus of the
high cellulolytic strain VIT-D-79125 with the endogenous egl1,
followed by targeted replacement of the cbh2 locus with egl2
resulted in a four-fold increase in EGI activity (Miettinen-Oinonen
and Suominen, 2002). There is a lot less published informa-
tion available for Aspergillus, perhaps because of high commercial
sensitivity.

It seems evident that identifying individual genes and changes
in the genomes will not provide an answer to the pending question
of secretion supremacy. More likely, the answer will hide in com-
plex interactions between relevant genes and proteins and their
regulation. Also, maybe high cellulase-secreting T. reesei strains
produced by random mutagenesis and screening have been already
“conditioned” for cellulase production and secretion so that intro-
ducing a protein of a different nature to be made and secreted in
high yields may not be as straightforward as it looks. Considering
the above, it might be worthwhile to start again by introducing
the gene of interest first and applying random mutagenesis and
screening afterward to boost the production levels of the desired
protein by mutations “matching” the requirements of this par-
ticular protein. Automated high-throughput screening programs
will make screening of hundreds of thousands of mutants feasi-
ble on a case-by-case basis. The principle of “transformation first,
screening second,” has been introduced using Ashbya. Random
mutagenesis by ethyl methane sulfonate was carried out on A.
gossypii transformants harboring the T. reesei egll gene, resulting
in a global increase in protein secretion and a twofold to three-
fold increase in extracellular EGI activity (Ribeiro etal., 2013).
Banking on random mutagenesis involving the entire genome to
achieve a concerted effect to enhance synthesis and secretion of
a gene product of interest, made in a transformant host seems
attractive. For example, we do not have (as yet) information of
all the genes involved in the process of efficient secretion of a
gene product and even if we did, the current targeted approach
through gene transformation and inactivation together with the
requirement for marker recycling would propose a huge effort to
deal with hundreds or so of genes probably involved with the pro-
cess. Doing this by applying the methods of synthetic biology that
allows re-engineering of entire pathways seems possible in the not
so far future.

ALTERNATIVE PROMOTERS AND TRANSCRIPTION FACTORS

The strong wild-type cbhl promoter encoding the major cellulase
(CBH1/Cel7A) in T. reesei is the “default” promoter for recombi-
nant gene expression (e.g., Harkki etal., 1991; Nyyssonen etal.,

1993; Paloheimo etal., 1993; de Faria etal., 2002; Nykinen etal.,
2002; Haakana etal., 2004; Nevalainen etal., 2005). While good
yields have been obtained using this promoter, it has also turned
out that the expression levels, especially those of heterologous pro-
teins, may cause conformational stress to the production organism
(Collénetal.,2005; Godlewski et al.,2009; Nykénen et al., in prepa-
ration). With a view of feeding a recombinant protein through
the secretion pathway in a more uniform manner, some other,
mainly constitutive promoters functional on glucose have been
explored.

Isolation of T. reesei promoters that function on glucose has
been described by Nakari etal. (1993; e.g., fefl encoding tran-
scription elongation factor 1, and hfbl encoding hydrophobin)
and Curach etal. (2004; hexI); however, there seems to be no
published information on the use of these promoters for the
expression of recombinant proteins. The tefl and hfbl promot-
ers were isolated by a cDNA approach while the hexI promoter
sequence was captured by chromosome walking, based on amino
acid sequences from the HEXI protein identified as one of the
major proteins on a secretome of T. reesei grown on glucose (Lim
etal.,2001). These different approaches introduce proteomic anal-
ysis as a tool for discovering and identifying promoters of highly
expressed genes though identification of abundant proteins pro-
duced under defined conditions. In a recent study, Li etal. (2012)
carried out transcriptional RT-qPCR profiling of 13 genes that
were part of glucose metabolism in T. reesei QM9414 (Mandels
etal., 1971). The promoters of pdc (pyruvate decarboxylase), eno
(enolase), gpd (glyceraldehyde-3-phosphate dehydrogenase), tpi
(triose phosphate isomerase), pda (pyruvate dehydrogenase), and
kdh (ketoglutarate dehydrogenase) genes were singled out and pro-
posed as candidates for constitutive expression of recombinant
proteins. The pdc and eno promoters were further used for recom-
binant expression of the homologous T. reesei xyn2 gene resulting
in the production of 1.61 and 1.52 g/L of xylanase 2 respectively
on glucose-containing medium (Li etal., 2012). The result can be
considered promising as about similar amounts of xylanase 2 is
expressed under its own promoter but on a cellulose-containing
medium used for induction of the xyn2 promoter.

There is continuing interest in studies into transcription factors
participating in gene expression (Kiiskinen etal., 2004; Coradetti
etal., 2012). While this line of research may help modulating
regulation of gene expression and finding suitable and flexible
cultivation conditions tailored for the gene promoter in play, it
may not solve the problem of loss of the gene product during
secretion.

On the note of transcription factors, it has been shown that the
presence of multiple copies of one promoter can lead to the deple-
tion of specific transcription factors for that promoter (Verdoes
etal., 1994; Margolles-Clark etal., 1996). This situation may be
avoided by expression of the gene of interest simultaneously under
multiple different promoters inducible under the same conditions
but only partly sharing the regulatory factors (Te’o and Nevalainen,
2008; Miyauchi etal., 2013).

TRACKING PROTEIN SECRETION
It has been well established that the majority of secreted proteins
including heterologous gene products are secreted through the
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FIGURE 1 | Schematic representations depicting the general
morphology of Trichoderma reesei (top) and proposed pathways of
protein synthesis and secretion (enlarged hyphal tip, below). Proteins
are synthesized in the endoplasmic reticulum (ER), then travel in secretory

plasma membrane

hyphal wall

vesicles (sv) to the Golgi for further post-translational modification.
Secretory vesicles then carry the modified proteins to the hyphal tip for
apical secretion, or possibly to the septa in an alternative secretory
pathway.

growing hyphal tip (Wessels, 1993; Kiep etal., 2008; Figure 1).
This default pathway is effective, for example, in the secretion of
the glucoamylase enzyme in A. niger (Wosten etal., 1991) and
cellobiohydrolase I in T. reesei. The ability of T. reesei hyphae to
synthesize and secrete tens of grams and more of CBHI per liter
of the cultivation medium could perhaps be explained further
by assuming that there are supplementary mechanisms operat-
ing in the hyphae in addition to secretion via hyphal apices.
Indeed, it has been shown that the CBHI enzyme is secreted also
from the more mature parts of hyphae (Nykinen, 2002). In sup-
port of this view, T. reesei EGI and some heterologous enzymes
such as Hormoconis resinae glucoamylase P and calf chymosin
also occurred from mature parts of the T. reesei hyphae (Sprey,
1988; Nykinen, 2002). Contrary to these observations, secre-
tion of the heterologous barley cysteine proteinase EPB seemed
to occur solely at the hyphal tip thereby following the default
pathway in T. reesei (Nykinen etal., 1997). These studies imply
that there are spatial restrictions in secretion of foreign proteins
that may be protein-dependent. Some factors contributing to this
include subcellular localisation of the specific mRNA, informa-
tion printed in the amino acid sequence of a protein and protein
glycosylation.

A recent study with EGFP-fused alpha amylase in A. oryzae
showed constitutive exocytosis also takes place at septa in addition
to hyphal tips (Hayakawa etal., 2011). The fusion protein accu-
mulated was shown to rapidly accumulate in the septal periplasm
in a process that involved fusion of the secretory vesicles with the
septal plasma membrane. Unlike exocytosis through hyphal tips,
the process required microtubules but not F-actin whereas secre-
tion through the tips requires both. Exocytosis toward septa may
thus provide an interesting alternative to improve the production
of secretory enzymes using filamentous fungi considering that in

the industrially exploited species of Aspergillus and Trichoderma,
there are far more septa than hyphal tips.

Recent confocal microscopy and ultrastructural studies into
protein secreting T. reesei hyphae demonstrate a progressively
changing spatial organization of the ER in response to secretion
stress (Nykédnen etal., in preparation). It has also provided ultra-
structural evidence to support information obtained from genome
sequencing. For example, the highly cellulolytic T. reesei RutC-30
mutant has identified deletions or mutation in genes encoding
proteins associated with vesicle trafficking, vacuolar sorting and
Golgi associated vacuolar ATPases (Le Crom etal., 2009) which
play a role in protein secretion. These types of observations should
be taken into account when choosing an expression host with an
assessment of the level and type of secretion stress the strain is
under before expression of a recombinant protein (Kautto etal.,
2013).

To add to the importance of exploring the physiology of the
expression host and protein yields comes from the work with A.
oryzae where disruption of the vacuolar protein sorting receptor
gene (Aovps10) enhanced production and secretion of both bovine
chymosin and human lysozyme by 3- and 2.2-fold respectively
(Yoon etal., 2010).

A recently described phenomenon contributing to protein
externalization from the fungal hyphae is the “pulsing” mode of
secretion noted for the highly expressed CBHI in the high cellulase-
producing mutant strain T. reesei Rut-C30 (Godlewski et al., 2009).
The pulsing may reflect physiological adjustment of the hyphae
to the protein overload through membrane recycling and reor-
ganization of the ER subdomains (Godlewski etal., 2009). This
view now has support from studies by Nykinen etal. (in prepa-
ration) who have described the ER as a highly dynamic organelle
of which the subdomains undergo structural changes according to
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the protein load in the ER. The pulsing was less evident when the
heterologous bacterial enzyme Xylanase B (XynB) was expressed in
T. reesei; instead, the heterologous protein seemed to continuously
accumulate in the hyphae (Godlewski etal., 2009).

The sporadic nature of the studies into visualization and local-
isation of protein accumulation in the fungal hyphae makes
drawing broader conclusions hard. However, there are clear indi-
cations that, once again, homologous and heterologous proteins
are treated differently. According to current practice, the majority
of heterologous recombinant proteins are produced as a fusion to
an endogenous highly secreted protein such as the main cellobio-
hydrolase CBHI in T. reesei, assumed to function as an aid in the
synthesis and secretion of a recombinant protein. One of the less
noted, proposed functions of the endogenous fusion protein may
be stopping the non-native protein from sticking to the cell wall
(Nykidnen, 2002).

CONTAINED PROTEIN PRODUCTION
Proteins traveling through the fungal secretory pathway are rel-
atively exposed to their environment. There have been some
attempts toward “contained” production of secreted proteins in
fungi. Naturally occurring plant protein bodies, derived from
vacuoles or ER, represent a stable form of protein accumulation
for nutrient storage in seeds. The ability of the maize stor-
age protein Zera to induce the formation of protein bodies has
been utilized for recombinant protein production in T. reesei
(Torrent etal., 2009). A green fluorescent protein (GFP)-Zera pep-
tide fusion accumulated in induced protein body-like organelles
in the hyphae, protecting the recombinant fusion protein from
cellular degradation whilst also protecting host cell viability. In
addition, downstream isolation of the fusion protein was enhanced
by the high density of the Zera-induced protein bodies.
Expression of a GFP fusion with the homologous hydrophobin
I (HEBI) of T. reesei also induced the formation of protein
bodies when targeted to the ER using the HDEL ER-retention
signal (Mustalahti etal.,, 2013). A dual benefit was achieved;
large ER-derived protein bodies containing soluble fusion pro-
tein accumulated in the hyphae, and the hydrophobicity of HFBI
enabled effective downstream purification via a simple aqueous
two-phase liquid partitioning system (ATPS). Purification by ATPS
can be carried out relatively cheaply and simply even in large
scale systems, as demonstrated by the successful purification of
EGIcore-HFBI fusion protein from a 1200 | fermenter culture of a
recombinant T. reesei strain (Collén et al., 2002; Selber et al., 2004).

DECORATING PROTEINS WITH SUGARS
Glycosylation is one of the most common post-translational mod-
ifications and nearly 50% of all known proteins in eukaryotes are
glycosylated (Apweiler etal., 1999). Glycans are synthesized by
the coordinated action of glycosyltransferases, glycosidases, and
other glycan processing enzymes. N-linked glycans have a role
in many physiological and pathological events including protein
and cell trafficking, immunogenicity, cell growth and adhesion,
differentiation, tumor invasion, transmembrane signaling and
host-pathogen interactions (Zhao etal., 2008).

Studies into the effect of glycosylation on the secretion, stabil-
ity and activity and binding of secreted proteins have been carried

out mainly with non-recombinant T. reesei cellulases. The vari-
ous approaches and outcomes have been summarized in a recent
review by Beckham etal. (2012). In the main, it has turned out
that glycosylation has shown to have an effect on enzyme stabil-
ity (aggregation and thermal stability) and activity. Contribution
of glycosylation on protein secretion in filamentous fungi is less
well established as some secreted native and recombinant proteins
seem not to carry any glycan structures (Ulker and Sprey, 1990;
Kurzatkowski et al., 1996; Paloheimo et al., 2003).

It has also been established that different fungi and fungal
strains N-glycosylate proteins differently (Nevalainen etal., 1998)
and that composition of the cultivation medium affects the gly-
cosylation pattern (Stals etal., 2004). Despite of these leads, there
are only a handful of papers comparing production of heterolo-
gous proteins in different host strains of the same fungal species
(e.g., Bergquist etal., 2004) and different growth conditions, not
to mention detailed analysis of the glycan structures attached on
recombinant proteins. One such paper is that of Miyauchi etal.
(2013) where the authors showed that the recombinant Xylanase
B protein (from a thermophilic bacterium), produced in T. reesei
featured multiple forms of the enzyme, decorated with various
N- and O-glycans as assessed by mass spectrometry. One of the
O-glycans was identified as hexuronic acid, which has not been
described previously in the glycosylation patterns of T. reesei.

On the note that glycans have an effect on the activity of a pro-
tein, one of the problems standing in the way for filamentous fungi
becoming effective producers of pharmaceutical proteins targeted
for human consumption is the fungal oligo-mannose type glycosy-
lation. While still of high-mannose type N-glycosylation patterns,
filamentous fungi are far more conservative than yeast that has the
tendency to hyperglycosylate proteins (Deshpande etal., 2008).
However, they still lack the terminal sialic acid residues, charac-
teristic of human glycosylation and important for defining the
function of the glycan. These shortcomings have been addressed
in a handful of in vivo studies toward modification of the protein
glycosylation pathway in filamentous fungi, mainly A. nidulans, A.
niger, A. oryzae (Kasajima etal., 2006; Kainz etal., 2008) and T.
reesei (Maras etal., 1999; Zhong etal., 2011). Compared to yeast,
activity in this field is very low.

Alternatively to humanizing the fungal glycosylation pathway,
filamentous fungi can be considered a potential option for produc-
ing selected glycan-modifying enzymes for in vitro modification
of glycans attached to recombinant proteins. The “strip and tease”
approach is currently being developed in our laboratory (unpub-
lished work). While these scenarios are not fully developed yet, the
exceptional protein secretion capacity of filamentous fungi war-
rants investigation into modification of protein glycosylation in
order to make functional therapeutic proteins in these organisms
in an economically sustainable manner. Work in yeast provides a
guide for these efforts.

CURRENT PRODUCT LEVELS OF RECOMBINANT PROTEINS
AND CLOSE COMPETITORS

Recent developments in mammalian cell culture have raised the
production levels of heterologous pharmaceutically important
proteins to grams per liter (Aldridge, 2006) reaching the yield of
26 g/L of a monoclonal antibody in an industrial setting (Jarvis,
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2008). In comparison, published yields for antibodies produced
in filamentous fungi are of the order of 0.15 g/L of a CBHI-Fab
fusion antibody for T. reesei (Nyyssonen etal., 1993) and 0.9 g/L
of Trastaztmab for A. niger (Ward etal., 2004). While filamentous
fungi may have lost this battle, they still hold a good position as
producers of various industrial enzymes as the mammalian sys-
tems are far too expensive and impractical for the bulk production
of low-cost recombinant proteins.

Another near competitor is the methylotrophic yeast Pichia pas-
toris with production levels of 1.6 g/L for a monoclonal antibody in
a glycoengineered strain (Ye etal., 2011). As Pichia is also capable
of efficient secretion and the system is commercially available!, it
offers a competitive edge when choosing a host for the production
of heterologous proteins. Overall, it seems ever so important that
the matching of the intended product and the production host is
done with care and using all available information as the yields
for different types of recombinant proteins can vary considerably
even within the same host organism (see the review of Demain
and Vaishnav, 2009).

THE EFFECT OF FERMENTATION CONDITIONS

A typical workflow aiming at improvement of the product yield
has a front-end involving optimization of the gene encoding the
product of interest, the expression vector and the transforma-
tion method, and adding or removing tags for protein targeting
and purification. Nature of these adjustments depends on the
chosen production host. The next step is screening of the transfor-
mant strains for the desired product and making the recombinant
product on a laboratory scale. This involves establishment of the
cultivation parameters. It should be noted that different recombi-
nant strains may require slightly different cultivation conditions
and a protocol that differs from the transformation host (Sun,
2013). This aspect is often not studied in detail especially at
the stage when a high number of genetically modified strains is
screened. Therefore, some potentially good producers maybe lost
in the “standardized” screening process.

Developing the cultivation conditions including the growth
medium is fundamental for the improvement of the yields of
recombinant proteins. This has been well established and doc-
umented with both mammalian cell cultures (e.g., Aldridge, 2006)
and the Pichia system (e.g., Gongalves etal., 2013) where the
improvements have been impressive. There is also a wealth of
published work on the development of protocols and models for
growing fungi in submerged cultures, addressing the nature of the
carbon and nitrogen sources, carbon:nitrogen ratio, agitation, aer-
ation, nutrient depletion and feeding, to mention some (reviewed
in Workman etal., 2013). Cultivation by solid fermentation and
mass screening of fungal strains have also been described in the
literature (reviewed e.g., in El-Enshasy, 2006).

Optimization of the production conditions for industrial scale
fermentations are typically carried out in-house and patented.

METABOLIC ENGINEERING AND SYNTHETIC BIOLOGY
Metabolic engineering and the application of synthetic biol-
ogy are heavily reliant on the breadth and depth of large-scale

Uhttp://www.lifetechnologies.com

“omics”) information available for the organism of interest.
This information comes from genome sequences, studies into
metabolic pathways and fluxes, transcriptomic and proteomic data
and bioinformatic modeling. Amongst these, quantification of
metabolic fluxes is of utmost importance to understand biological
networks for cellular regulation, and identify bottlenecks in prod-
uct formation. The potential targets in filamentous fungi may
include production of hydrolytic enzymes, organic acids, biofu-
els and chemicals. For example, the information gathered from
the analysis of metabolic fluxes under production conditions will
point out locations where the flow of, e.g., carbon in the cell is
not going effectively toward the intended product thus propos-
ing a bottleneck. This situation may then be remedied by genetic
engineering by redirecting or enhancing the flow resulting in an
improved product yield.

Genome sequences are available for a good amount of fil-
amentous fungi including the industrially relevant A. niger’
and A. oryzae®, P. chrysosporium* and T. reesei (wild-type and
mutant strains.”. Application of targeted metabolic engineering
to improve recombinant protein production has been carried out
in bacterial and yeast systems and Aspergillus (reviewed by Melzer
etal., 2009; Boghigian etal., 2010; Matsuoka and Shimizu, 2010).
However, although metabolic engineering has been successfully
employed to improve homologous cellulase production in T. ree-
sei (Kubicek etal., 2009), little published information is available
on its application to recombinant T. reesei strains to date.

A high throughput gene deletion in T. reesei has recently been
developed (Schuster et al., 2012). A series of selection markers were
used to provide a primer database for gene deletion, and vector
construction was carried out by yeast- mediated recombination.
Transformation of the vector into a T. reesei strain deficient in
non-homologous end joining (NHE]) was followed by crossing
of mutants with sexually competent strains to remove the NHE]-
defect.

Synthetic biology takes matters further with the goal of design-
ing and constructing biological devices and systems. This would
involve rearranging and rebuilding large DNA constructs with
overlapping DNA fragments and their in vivo recombination (Gib-
son etal., 2009). The strategy has been shown to work well with
bacteria and yeast but there are no published reports concerning
filamentous fungi as yet. One of the future scenarios may feature
mini-cell factories where only the essential functions for making a
particular gene product are contained.

CONCLUSION

Filamentous fungi offer enormous potential for efficient and large
scale production of recombinant gene products. Importantly,
protein secretion provides a platform for the eukaryotic style
post-translational modification of proteins. Fungi are cheap to
cultivate and down-stream processing is made easy with no need
to break cells open for product recovery. In order to capitalize on

2http://genome.jgi-psf.org/Aspni.home.html
Shttp://www.bio.nite.go.jp/dogan/project/view/AO
*http://genome.jgi-psf.org/whiterot/whiterotl.home.html

Shttp://genome.jgi.doe.gov/genome-projects/pages/projects.jsftsearch Text=
Trichoderma+reesei
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fungi as recombinant production hosts, research is now directed
to revealing the cellular mechanisms for internal protein quality
control, secretion stress, functional genomics of protein expression
and secretion, protein modification and linking the physiology to
productivity. New directions are expected to emerge from over-
laying the “omics” data and the rapidly developing technologies of
metabolic engineering and synthetic biology. Our long held expec-
tations of filamentous fungi as high-level producers of a wide range
of recombinant proteins may well be drawing closer to full realiza-
tion. Or, perhaps, the future may see a change in the expectations
and a focusing toward specific areas of recombinant expression
for which the fungal system is particularly adept, such as the pro-
duction of recombinant enzymes including therapeutic microbial
enzymes.

REFERENCES

Apweiler, R., Hermjakob, H., and Sharon, N. (1999). On the frequency of protein
glycosylation, as deduced from analysis of the SWISS-PROT database. Biochim.
Biophys. Acta 1473, 4-8. doi: 10.1016/S0304-4165(99)00165-8

Aldridge, S. (2006). Downstream processing needs a boost. Genet. Eng. News 26,
1-51.

Aleksenko, A. Y., and Clutterbuck, A. J. (1995). Recombinational stability of
replicating plasmids in Aspergillus nidulans during transformation, vegeta-
tive growth and sexual reproduction. Curr. Genet. 28, 87-93. doi: 10.1007/
BF00311886

Aleksenko, A., and Clutterbuck, A. J. (1997). Autonomous plasmid replication in
Aspergillus nidulans: AMA1 and MATE elements. Fungal Genet. Biol. 21,373-387.
doi: 10.1006/fgbi.1997.0980

Al-Sheikh, H., Watson, A. J., Lacey, G. A., Punt, P. J., MacKenzie, D. A., Jeenes, D. J.,
etal. (2004). Endoplasmic reticulum stress leads to the selective transcriptional
downregulation of the glucoamylase gene in Aspergillus niger. Mol. Microbiol. 53,
1731-1742. doi: 10.1111/j.1365-2958.2004.04236.x

Archer, D. B., and Peberdy, J. F (1997). The molecular biology of secreted
enzyme production by fungi. Crit. Rev. Biotechnol. 17, 273-306. doi:
10.3109/07388559709146616

Beckham, G. T., Dai, Z., Matthews, J. E, Momany, M., Payne, C., Adney, W. S,,
etal. (2012). Harnessing glycosylation to improve cellulose activity. Curr. Opin.
Biotechnol. 23, 338-345. doi: 10.1016/j.copbio.2011.11.030

Bergquist, P. L., Te’o, V. S. J., Gibbs, M. D., Curach, N. C., and Nevalainen, K. M. H.
(2004). Recombinant enzymes from thermophilic microorganisms expressed in
fungal hosts. Biochem. Soc. Transact. 32,293-297. doi: 10.1042/BST0320293

Boghigian, B. A., Seth, G., Kiss, R, and Pfeifer B. A. (2010). Metabolic
flux analysis and pharmaceutical production. Metab. Eng. 12, 81-95. doi:
10.1016/j.ymben.2009.10.004

Brooks, S. A. (2004). Appropriate glycosylation of recombinant proteins for human
use: implications of choice of expression system. Mol. Biotechnol. 28, 241-255.
doi: 10.1385/MB:28:3:241

Carlsen, M., and Nielsen, J. (2001). Influence of carbon source on alpha-amylase
production by Aspergillus oryzae. Appl. Microbiol. Biotechnol. 57, 346-349. doi:
10.1007/5002530100772

Chapman, R., Sidrauski, C., and Walter P. (1998). Intracellular signaling from the
endoplasmic reticulum to the nucleus. Annu. Rev. Cell Dev. Biol. 14, 459-485.
doi: 10.1146/annurev.cellbio.14.1.459

Cherry, J. R., and Fidantsef, A. L. (2003). Directed evolution of industrial
enzymes: an update. Curr. Opin. Biotechnol. 14, 438—443. doi: 10.1016/S0958-
1669(03)00099-5

Collén, A., Persson, J., Linder, M., Nakari-Setild, T., Penttild, M., Tjerneld, F,
etal. (2002). A novel two-step extraction method with detergent/polymer sys-
tems for primary recovery of the fusion protein endoglucanase I-hydrophobin
1. Biochim. Biophys. Acta 1569, 139-150. doi: 10.1016/S0304-4165(01)
00244-6

Collén, A., Saloheimo, M., Bailey, M., Penttild, M., and Pakula, T. M. (2005). Pro-
tein production and induction of the unfolded protein response in Trichoderma
reesei strain Rut-C30 and its transformant expressing endoglucanase I with a
hydrophobic tag. Biotechnol. Bioeng. 89, 335-344. doi: 10.1002/bit.20350

Conesa, A., Punt, P. ], van Luijk, N., and van den Hondel, C. A. (2001). The
secretion pathway in filamentous fungi: a biotechnological view. Fungal Genet.
Biol. 33, 155-171. doi: 10.1006/fgbi.2001.1276

Coradetti, S. T., Craig, J. P,, Xiong, Y., Shock, T., Tian, C., and Glass, N. L.
(2012). Conserved and essential transcription factors for cellulase gene expres-
sion in ascomycete fungi. Proc. Natl. Acad. Sci. U.S.A. 109, 7397-7402. doi:
10.1073/pnas.1200785109

Curach, N. C,, Te'o, V. S., Gibbs, M. D., Bergquist, P. L., and Nevalainen, K. M.
H. (2004). Isolation, characterization and expression of the hexl gene from
Trichoderma reesei. Gene 331, 133-140. doi: 10.1016/j.gene.2004.02.007

de Faria, E. P, Te'o, V. S., Bergquist, P. L., Azevedo, M. O., and Nevalainen, K.
M. H. (2002). Expression and processing of a major xylanase (XYN2) from the
thermopbhilic fungus Humicola grisea var. thermoidea in Trichoderma reesei. Lett.
Appl. Microbiol. 34, 119-123. doi: 10.1046/j.1472-765x.2002.01057.x

Demain, A. L., and Vaishnav, P. (2009). Production of recombinant pro-
teins by microbes and higher organisms. Biotech. Adv. 27, 297-306. doi:
10.1016/j.biotechadv.2009.01.008

De Pourcg, K., De Schutter, K., and Callewaert, N. (2010). Engineering of glycosy-
lation in yeast and other fungi: current state and perspectives. Appl. Microbiol.
Biotechnol. 87, 1617-1631. doi: 10.1007/s00253-010-2721-1

Deshpande, N., Wilkins, M. R., Packer, N., and Nevalainen, H. (2008). Protein
glycosylation pathways in filamentous fungi. Glycobiology 18, 626-637. doi:
10.1093/glycob/cwn044

Durand, H., Baron, M., Calmels, T., and Tiraby, G. (1988). “Classical and molecular
genetics applied to Trichoderma reesei for the selection of improved cellulolytic
industrial strains,” in FEMS Symposium no. 43: Biochemistry and Genetics of
Cellulose Degradation, eds J.-P. Aubert, P. Beguin, and J. Millet (London: Academic
Press), 135-151.

El-Enshasy, H. A. (2006). “Filamentous fungal cultures-process characteristics,
products and applications,” in Bioprocessing for Value-Added Products from
Renewable Resources, 1st Edn, ed. S.-T. Yang (London, UK: Elsevier), 225-260.

Emalfarb, M. A., Burlingame, R. P., Olson, P. T., Sinitsyn, A. P., Parriche, M., Bousson,
J. C., etal. (2003). Transformation system in the field of filamentous fungal hosts.
US Patent, US 6,573,086.

Fleissner, A., and Dersch, P. (2010). Expression and export: recombinant protein
production systems for Aspergillus. Appl. Microbiol. Biotechnol. 87, 1255-1270.
doi: 10.1007/s00253-010-2672-6

Gems, D., Johnstone, I. L., and Clutterbuck, A. J. (1991). An autonomously replicat-
ing plasmid transforms Aspergillus nidulans at high frequency. Gene 98, 61-67.
doi: 10.1016/0378-1119(91)90104-]

Ghosh, A., Al-Rabiai, S., Ghosh, B. K., Trimifio -Vazquez, H., Eveleigh, D.
E., and Montenecourt, B. S. (1982). Increased endoplasmic reticulum con-
tent of a mutant of Trichoderma reesei (RUT-C30) in relation to cellulase
synthesis. Enzyme Microb. Technol. 4, 110-113. doi: 10.1016/0141-0229(82)
90093-X

Gibson, D. G., Young, L., Chuang, R. Y., Venter, J. C., Hutchison, C. A. III, and Smith,
H. O. (2009). Enzymatic assembly of DNA molecules up to several hundred
kilobases. Nat. Methods 6, 343—345. doi: 10.1038/nmeth.1318

Godlewski, M., Kautto, L., and Nevalainen, H. (2009). “The elusive pulse in pro-
tein production in Trichoderma reesei,” in Poster Light in Life Sciences (LILS)
Conference, Melbourne, Australia, November 24-27, Poster Session 1, 10.

Gongalves, A. M., Pedro, A. Q., Maia, C., Sousa, E, Queiroz, J. A., and Passar-
inha, L. A. (2013). Pichia pastoris: a recombinant microfactory for antibodies
and human membrane proteins. J. Microbiol. Biotechnol. 23, 587-601. doi:
10.4014/jmb.1210.10063

Gong, C.-S., Ladisch, M. R., and Tsao, G. T. (1979). Biosynthesis, purification and
mode of action of cellulases of Trichoderma reesei. Adv. Chem. Ser. 181, 261-288.
doi: 10.1021/ba-1979-0181.ch013

Gouka, R. J., Punt, P. ], and van den Hondel, C. A. (1997). Efficient production
of secreted proteins by Aspergillus: progress, limitations and prospects. Appl.
Microbiol. Biotechnol. 47, 1-11. doi: 10.1007/s002530050880

Haakana, H., Miettinen-Oinonen, A., Joutsjoki, V., Mintyld, A., Suominen, P., and
Vehmaanperd, J. (2004). Cloning of cellulase genes from Melanocarpus albomyces
and their efficient expression in Trichoderma reesei. Enzyme Microb. Technol. 34,
159-167. doi: 10.1016/j.enzmictec.2003.10.009

Harkki, A., Mintyld, A., Penttili, M., Muttilainen, S., Biihler, R., Suomi-
nen, P, etal. (1991). Genetic engineering of Trichoderma to produce strains
with novel cellulase profiles. Enzyme Microb. Technol. 13, 227-233. doi:
10.1016/0141-0229(91)90133-U

www.frontiersin.org

February 2014 | Volume 5 | Article 75 | 7


http://www.frontiersin.org/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive

Nevalainen and Peterson

Recombinant proteins in filamentous fungi

Hayakawa, Y., Ishikawa, E., Shoji, J. Y., Nakano, H., and Kitamoto, K. (2011).
Septum-directed secretion in the filamentous fungus Aspergillus oryzae. Mol.
Microbiol. 81, 40-55. doi: 10.1111/j.1365-2958.2011.07700.x

Jarvis, L. M. (2008). A technology bet. DSM’s pharma product unit leverages its
biotech strength to survive a tough environment. Chem. Eng. News 86, 30-31.
doi: 10.1021/cen-v086n029.p030

Joutsjoki, V. V. (1994). Construction by one-step gene replacement of Trichoderma
reesei strains that produce the glucoamylase P of Hormoconis resinae. Curr. Genet.
26, 422-429. doi: 10.1007/BF00309929

Kainz, E., Gallmetzer, A., Hatzl, C., Nett, J. H., Li, H., Schinko, T., etal. (2008).
N-glycan modification in Aspergillus species. Appl. Environ. Microbiol. 74, 1076~
1086. doi: 10.1128/AEM.01058-07

Karhunen, T., Miéntyli, A., Nevalainen, K. M. H., and Suominen, P. L. (1993). High
frequency one-step gene replacement in Trichoderma reesei. I. Endoglucanase I
overproduction. Mol. Gen. Genet. 241, 515-522. doi: 10.1007/BF00279893

Kasajima, Y., Yamaguchi, M., Hirai, N., Ohmachi, T., and Yoshida, T. (2006). In
vivo expression of UDP-N-acetylglucosamine: Alpha-3-d-mannoside beta-1,2-
N-acetylglucosaminyltransferase I (GnT-1) in Aspergillus oryzae and effects on
the sugar chain of alpha-amylase. Biosci. Biotechnol. Biochem. 70, 2662-2668. doi:
10.1271/bbb.60265

Kautto, L., Grinyer, J., Paulsen, I, Tetu, S., Pillai, A., Pardiwalla, S., etal. (2013).
Stress effects caused by the expression of a mutant cellobiohydrolase I and pro-
teasome inhibition in Trichoderma reesei Rut-C30. N. Biotechnol. 30, 183-191.
doi: 10.1016/j.nbt.2012.07.005

Kiep, K., Bohle, K., Gocke, Y., Krull, R., and Hempel, D. C. (2008). “Insights
in growth and protein formation of Aspergillus niger on a molecular level,” in
Poster 9th European Conference on Fungal Genetics Edinburgh, Scotland, April
5-8, Fungal Biotechnology, Hyphal Growth and Morphogenesis, Evolutionary and
Population Biology, Poster Session 3, PR8.16.

Kiiskinen, L. L., Kruus, K., Bailey, M., Yl6smiki, E., Siika-Aho, M., and Saloheimo,
M. (2004). Expression of Melanocarpus albomyces laccase in Trichoderma reesei
and characterization of the purified enzyme. Microbiology 150, 3065—-3074. doi:
10.1099/mic.0.27147-0

Kubicek, C. P. (2013). Systems biological approaches towards understanding cel-
lulase production by Trichoderma reesei. ]. Biotechnol. 163, 133-142. doi:
10.1016/j.jbiotec.2012.05.020

Kubicek, C. P., Mikus, M., Schuster, A., Schmoll, M., and Seiboth, B. (2009).
Metabolic engineering strategies for the improvement of cellulase production
by Hypocrea jecorina. Biotechnol. Biofuels 2:19. doi: 10.1186/1754-6834-2-19

Kurzatkowski, W., Torrénen, A., Filipek, J., Mach, R. L., Herzog, P., Sowka, S., et al.
(1996). Glucose-induced secretion of Trichoderma reesei xylanases. Appl. Environ.
Microb. 62, 2859-2865.

Le Crom, S., Schackwitz, W., Pennacchio, L., Magnuson, J. K., Culley, D. E., Collett,
J. R., etal. (2009). Tracking the roots of cellulase hyperproduction by the fungus
Trichoderma reesei using massively parallel DNA sequencing. Proc. Natl. Acad.
Sci. U.S.A. 106, 16151-16156. doi: 10.1073/pnas.0905848106

Li, J., Wang, J., Wang, S., Xing, M., Yu, S., and Liu, G. (2012). Achieving efficient
protein expression in Trichoderma reesei by using strong constitutive promoters.
Microb. Cell Fact. 11:84. doi: 10.1186/1475-2859-11-84

Lim, D., Hains, P, Walsh, B., Bergquist, P., and Nevalainen, H. (2001). Pro-
teins associated with the cell envelope of Trichoderma reesei: a proteomic
approach. Proteomics 1,899-909. doi: 10.1002/1615-9861(200107)1:7<899::AID-
PROT899>3.0.CO;2-#

Lubertozzi, D., and Keasling, J. D.
a host for heterologous expression.
10.1016/j.biotechadv.2008.09.001

Mach, R. L., Peterbauer, C. K., Payer, K., Jaksits, S., Woo, S. L., Zeilinger, S.,
etal. (1999). Expression of two major chitinase genes of Trichoderma atroviride
(T. harzianum P1) is triggered by different regulatory signals. Appl. Environ.
Microbiol. 65, 1858-1863.

Mandels, M., Weber, J., and Parizek, R. (1971). Enhanced cellulase production by a
mutant of Trichoderma viride. Appl. Microbiol. 21, 152—154.

Mintyld, A., Paloheimo, M., and Suominen, P. (1998). “Industrial mutants and
recombinant strains of Trichoderma reesei” in Trichoderma and Gliocladium, Vol.
2, eds G. Harman and C. Kubicek (London: Taylor and Francis), 291-309.

Maras, M., van Die, 1., Contreras, R., and van den Hondel, C. A. (1999). Filamen-
tous fungi as production organisms for glycoproteins of bio-medical interest.
Glycoconj. J. 16,99-107. doi: 10.1023/A:1026436424881

(2009). Developing Aspergillus as
Biotechnol. Adv. 27, 53-75. doi:

Margolles-Clark, E., Hayes, C. K., Harman, G. E., and Penttili, M. (1996).
Improved production of Trichoderma harzianum endochitinase by expression
in Trichoderma reesei. Appl. Environ. Microbiol. 62, 2145-2151.

Martinez, D., Berka, R. M., Henrissat, B., Saloheimo, M., Arvas, M., Baker, S. E.,
etal. (2008). Genome sequencing and analysis of the biomass-degrading fungus
Trichoderma reesei (syn. Hypocrea jecorina). Nat. Biotechnol. 26, 553-560. doi:
10.1038/nbt1403

Matsuoka, Y., and Shimizu, K. (2010).
flux analysis and future perspectives. Process Biochem. 45, 1873-1881. doi:
10.1016/j.procbio.2010.03.025

Melzer, G., Esfandabadi, M. E., Franco-Lara, E., and Wittmann, C. (2009). Flux
design: in silico design of cell factories based on correlation of pathway fluxes to
desired properties. BMC Syst. Biol. 3:120. doi: 10.1186/1752-0509-3-120

Meyer, V. (2008). Genetic engineering of filamentous fungi — progress, obstacles
and future trends. Biotechnol. Adv. 26, 177-185. doi: 10.1016/j.biotechadv.2007.
12.001

Miettinen-Oinonen, A., Torkkeli, T., Paloheimo, M., and Nevalainen, H.
(1997). Overexpression of the Aspergillus niger pH 2.5 acid phosphatase gene
in a heterologous host Trichoderma reesei. ]. Biotechnol. 58, 13-20. doi:
10.1016/S0168-1656(97)00121-1

Miettinen-Oinonen, A., and Suominen, P. (2002). Enhanced production of Tri-
choderma reesei endoglucanases and use of the new cellulase preparations in
producing the stonewashed effect on denim fabric. Appl. Environ. Microbiol. 68,
3956-3964. doi: 10.1128/AEM.68.8.3956-3964.2002

Miyauchi, S., Te’o, V. S. J., Bergquist, P. L., and Nevalainen, K. M. H. (2013).
Expression of a bacterial xylanase in Trichoderma reesei under the egl2 and
cbh2 glycosyl hydrolase gene promoters. N. Biotechnol. 30, 523-530. doi:
10.1016/j.nbt.2013.02.005

Montenecourt, B. S., and Eveleigh, D. E. (1979). “Selective screening methods for the
isolation of high yielding cellulase mutants of Trichoderma reesei,” in Hydrolysis
of Cellulose: Mechanisms of Enzymatic and Acid Catalysis, Advances in Chemistry
Series, 181, eds R. Brown and L. Jurasek (Washington, DC: American Chemical
Society), 289-301.

Moralejo, E. J., Watson, A. J., Jeenes, D. J., Archer, D. B., and Martin, J. F. (2001).
A defined level of protein disulfide isomerase expression is required for optimal
secretion of thaumatin by Aspegillus awamori. Mol. Genet. Genomics 266, 246—
253. doi: 10.1007/s004380100550

Mustalahti, E., Saloheimo, M., and Joensuu, J. J. (2013). Intracellular protein
production in Trichoderma reesei (Hypocrea jecorina) with hydrophobin fusion
technology. N. Biotechnol. 30, 262-268. doi: 10.1016/j.nbt.2011.09.006

Nakari, T., Alatalo, E., and Penttild, M. E. (1993). Isolation of Trichoderma reesei
genes highly expressed on glucose-containing media: characterization of the tefl
gene encoding translation elongation factor 1 alpha. Gene 136, 313-318. doi:
10.1016/0378-1119(93)90486-M

Nevalainen, H., Harrison, M., Jardine, D., Zachara, N., Paloheimo, M., Suominen,
P, etal. (1998). “Glycosylation of cellobiohydrolase I from Trichoderma reesei,”
in Carbohydrases from Trichoderma reesei and other Microorganisms; Structures,
Biochemistry, Genetics and Applications, eds M. Claeyssens, W. Nerinxck, and K.
Piens (Cambridge, UK: The Royal Society of Chemistry, Thomas Graham House),
335-344.

Nevalainen, H., Penttild, M., and Te’o, V. J. S. (2004). “Application of genetic engi-
neering for strain development in filamentous fungi,” in Handbook of Fungal
Biotechnology (Mycology Series 20), eds D. K. Arora, P. D. Bridge, and D. Bhatnagar
(New York, NY: Marcel Dekker), 193-208.

Nevalainen, K. M. H., Te’o, V. S. J., and Bergquist, P. L. (2005). Heterologous
protein expression in filamentous fungi. Trends Biotechnol. 23, 468—474. doi:
10.1016/j.tibtech.2005.06.002

Nummi, M., Niku-Paavola, M. L., Lappalainen, A., Enari, T. M., and Raunio, V.
(1983). Cellobiohydrolase from Trichoderma reesei. Biochem. J. 215, 677—-683.

Nykénen, M. (2002). Protein Secretion in Trichoderma reesei. Expression, Secre-
tion and Maturation of Cellobiohydrolase I, Barley Cysteine Proteinase and Calf
Chymosin in Rut-C30. Ph.D. thesis, University of Jyviskyls, Jyvaskyld. p.107.
https://www.jyu.fi/ajankohtaista/arkisto/2002/03/ tiedote-2007-09-18-15-39-04-
171749

Nykinen, M., Saarelainen, R., Raudaskoski, M., Nevalainen, H., and Mikko-
nen, A. (1997). Expression and secretion of barley cysteine Endopeptidase B
and Cellobiohydrolase I in Trichoderma reesei. Appl. Environ. Microbiol. 63,
4929-4937.

Current status of 13C-metabolic

Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation

February 2014 | Volume 5 | Article 75 | 8


http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive
https://www.jyu.fi/ajankohtaista/arkisto/2002/03/ tiedote-2007-09-18-15-39-04-171749
https://www.jyu.fi/ajankohtaista/arkisto/2002/03/ tiedote-2007-09-18-15-39-04-171749

Nevalainen and Peterson

Recombinant proteins in filamentous fungi

Nykénen, M. J., Raudaskoski, M., Nevalainen, H., and Mikkonen, A. (2002). Matura-
tion of barley cysteine endopeptidase expressed in Trichoderma reesei is distorted
by incomplete processing. Can. J. Microbiol. 48, 138-150. doi: 10.1139/w01-144

Nyyssonen, E., Penttild, M., Harkki, A., Saloheimo, A., Knowles, J. K., and Kerinen,
S. (1993). Efficient production of antibody fragments by the filamentous fungus
Trichoderma reesei. Biotechnology (N. Y.). 11,591-595. doi: 10.1038/nbt0593-591

Pakula, T. M., Laxell, M., Huuskonen, A., Uusitalo, J., Saloheimo, M., and Penttild,
M. (2003). The effects of drugs inhibiting protein secretion in the filamentous
fungus Trichoderma reesei. Evidence for down-regulation of genes that encode
secreted proteins in the stressed cells. J. Biol. Chem. 278, 45011-45020. doi:
10.1074/jbc.M302372200

Pakula, T. M., Salonen, K., Uusitalo, J., and Penttild, M. (2005).The effect of spe-
cific growth rate on protein synthesis and secretion in the filamentous fungus
Trichoderma reesei. Microbiology 151, 135-143. doi: 10.1099/mic.0.27458-0

Paloheimo, M., Mintyl4, A., Kallio, J., and Suominen, P. (2003). High-yield produc-
tion of a bacterial xylanase in the filamentous fungus Trichoderma reesei requires
a carrier polypeptide with an intact domain structure. Appl. Environ. Microbiol.
69, 7073-7082. doi: 10.1128/AEM.69.12.7073-7082.2003

Paloheimo, M., Miettinen-Oinonen, A., Torkkeli, T., Nevalainen, H., and Suominen,
P. (1993). “Enzyme production in T. reesei using the cbhl promoter,” in Proceedings
of the 2nd Tricel Meeting, Majvik, Finland, Vol. 8, eds T. Reinikainen and P.
Suominen. (Fagerpaino Oy, Helsinki: Foundation for Biotechnical and Industrial
Fermentation Research), 229-237. doi: 10.1007/s002530050020

Pedersen, H., Beyer, M., and Nielsen, J. (2000). Glucoamylase production in batch,
chemostat and fed-batch cultivations by an industrial strain of Aspergillus niger.
Appl. Microbiol. Biotechnol. 53,272-277. doi: 10.1099/mic.0.054031-0

Peterson, R., and Nevalainen, H. (2012). Trichoderma reesei RUT-C30 — thirty years
of strain improvement. Microbiology 158, 58—68. doi: 10.1099/mic.0.054031-0

Powell, W. A., and Kistler, H. C. (1990). In vivo rearrangement of foreign DNA by
Fusarium oxysporum produces linear self-replicating plasmids. J. Bacteriol. 172,
3163-3171.

Punt, P. ], van Biezen, N., Conesa, A., Albers, A., Mangnus, J., and van den Hondel,
C. (2002). Filamentous fungi as cell factories for heterologous protein production.
Trends Biotechnol. 20, 200-206. doi: 10.1016/S0167-7799(02)01933-9

Punt, P. ., Van Zeijl, C., and Van den Hondel, C. (2001). High throughput screening
of expressed DNA libraries in filamentous fungi. World patent WO 01/79558.

Rahman, Z., Shida, Y., Furukawa, T., Suzuki, Y., Okada, H., Ogasawara, W.,
etal. (2009). Evaluation and characterization of Trichoderma reesei cellu-
lase and xylanase promoters. Appl. Microbiol. Biotechnol. 82, 899-908. doi:
10.1007/500253-008-1841-3

Rao, T. R., and Reddy, C. A. (1984). DNA sequences from a ligninolytic filamen-
tous fungus Phanerochaete chrysosporium capable of autonomous replication
in yeast. Biochem. Biophys. Res. Commun. 118, 821-827. doi: 10.1016/0006-
291X(84)91468-2

Ribeiro, O. (2012). Physiological Characterization of Ashbya gossypii and Strain Devel-
opment for Recombinant Protein Production. Ph.D. thesis, Programa Doutoral
em Engenharia Quimica e Bioldgica, University of Minho, Portugal. p.171.
http://hdl.handle.net/1822/20921

Ribeiro, O., Magalhaes, E., Aguiar, T. Q., Wiebe, M. G., Penttild, M., and Domingues,
L. (2013). Random and direct mutagenesis to enhance protein secretion in Ashbya
gossypii. Bioengineered 4, 322-331. doi: 10.4161/bioe.24653

Ribeiro, O., Wiebe, M., Ilmén, M., Domingues, L., and Penttili, M.
(2010). Expression of Trichoderma reesei cellulases CBHI and EGI in Ashbya
gossypii. Appl. Microbiol. Biotechnol. 87, 1437-1446. doi: 10.1007/s00253-010-
2610-7

Saarelainen, R., Mintyld, A., Nevalainen, H., and Suominen, P. (1997). Expression
of barley endopeptidase B in Trichoderma reesei. Appl. Environ. Microbiol. 63,
4938-4940.

Schade, D., Walther, A., and Wendland, J. (2003). The development of a
transformation system for the dimorphic plant pathogen Holleya sinecauda
based on Ashbya gossypii DNA elements. Fungal Genet. Biol. 40, 65-71. doi:
10.1016/S1087-1845(03)00064-1

Schrickx, J. M., Krave, A. S., Verdoes, J. C., van den Hondel, C. A., Stouthamer,
A. H., and van Verseveld, H. W. (1993). Growth and product formation
in chemostat and recycling cultures by Aspergillus niger N402 and a glu-
coamylase overproducing transformant, provided with multiple copies of the
glaA gene. J. Gen. Microbiol. 139, 2801-2810. doi: 10.1099/00221287-139-
11-2801

Schuster, A., Bruno, K. S., Collett, J. R., Baker, S. E., Seiboth, B., Kubicek, C. P.,
etal. (2012). A versatile toolkit for high throughput functional genomics with
Trichoderma reesei. Biotechnol. Biofuels 5:1. doi: 10.1186/1754-6834-5-1

Schuster, A., and Schmoll, M. (2010). Biology and biotechnology of Trichoderma.
Appl. Microbiol. Biotechnol. 87, 787-799. doi: 10.1007/s00253-010-2632-1

Seiboth, B., Messner, R., Gruber, F.,, and Kubicek, C. P. (1992). Disruption of the
Trichoderma reesei cbh2 gene coding for cellobiohydrolase II leads to a delay in
the triggering of cellulase formation by cellulose. Microbiology 138, 1259-1264.

Seidl, V., Gamauf, C., Druzhinina, 1. S., Seiboth, B., Hartl, L., and Kubicek, C.
P. (2008). The Hypocrea jecorina (Trichoderma reesei) hypercellulolytic mutant
RUT C30 lacks a 85 kb (29 gene-encoding) region of the wild-type genome. BMC
Genomics 9:327. doi: 10.1186/1471-2164-9-327

Selber, K., Tjerneld, F, Collen, A., Hyytid, T., Nakari-Setild, T., Bailey, M., etal.
(2004). Large-scale separation and production of engineered proteins, designed
for facilitated recovery in detergent-based aqueous two-phase extraction systems.
Process Biochem. 39, 889—896.

Sharma, R., Katoch, M., Srivastava, P, and Qazi, G. (2009). Approaches for refin-
ing heterologous protein production in filamentous fungi. World J. Microbiol.
Biotechnol. 25, 2083—-2094. doi: 10.1007/s11274-009-0128-x

Spohr, A., Carlsen, M., Nielsen, J., and Villadsen, J. (1998). Amylase production
in recombinant Aspergillus oryzae during fed-batch and continues cultivation.
J. Ferment. Bioeng. 86, 49-56. doi: 10.1016/50922-338X(98)80033-0

Sprey, B. (1988). Cellular and extracellular localization of endocellulase in
Trichoderma reesei. FEMS Microbiol. Lett. 55, 283-294. doi: 10.1111/j.1574-
6968.1988.tb02816.x

Stals, I, Koen, S., Geusens, S., Contreras, R., Van Beumen, J., and Claeyssens, M.
(2004). Factors influencing glycosylation of Trichoderma reesei cellulases. I: Post-
secretorial changes of the O- and N-glycosylation pattern of Cel7A. Glycobiology
14, 713-724. doi: 10.1093/glycob/cwh080

Sun, A. (2013). Heterologous Expression
Hormone Obestatin in  Trichoderma Ph.D. thesis, Department
of Chemistry and Biomolecular Sciences, Macquarie University, Syd-
ney. p.191. http://voyager.mq.edu.au/vwebv/holdingsInfo?searchld = 593&rec
Count = 50&recPointer = 3&bibld = 1955601 doi: 10.1007/BF00
279894

Suominen, P. L., Méntyld, A. L., Karhunen, T., Hakola, S., and Nevalainen, H.
(1993). High frequency one-step gene replacement in Trichoderma reesei. II.
Effects of deletions of individual cellulase genes. Mol. Gen. Genet. 241, 523-530.
doi: 10.1007/BF00279894

Te’o, V. S. J., and Nevalainen, K. M. H. (2008). Multiple promoter platform for
protein production. World Patent WO 2009076709.

Torrent, M., Llompart, B., Lasserre-Ramassamy, S., Llop-Tous, I., Bastida, M.,
Marzabal, P., etal. (2009). Eukaryotic protein production in designed storage
organelles. BMC Biol. 7:5. doi: 10.1186/1741-7007-7-5

Ulker, A., and Sprey, B. (1990). Characterization of an unglycosylated low molecular
weight 1,4-beta-glucan-glucanohydrolase of Trichoderma reesei. FEMS Microbiol.
Lett. 57, 215-219. doi: 10.1016/0378-1097(90)90068-2

Verdoes, J. C., Punt, P. J., Stouthamer, A. H., and van den Hondel, C. A.
(1994). The effect of multiple copies of the upstream region on expression
of the Aspergillus niger glucoamylase-encoding gene. Gene.145, 179-187. doi:
10.1016/0378-1119(94)90003-5

Vitikainen, M., Arvas, M., Pakula, T., Oja, M., Penttild, M., and Saloheimo, M.
(2010). Array comparative genomic hybridization analysis of Trichoderma reesei
strains with enhanced cellulase production properties. BMC Genomics 11:441.
doi: 10.1186/1471-2164-11-441

Wang, H., and Ward, M. (2000). Molecular characterization of a PDI-related
gene prpA in Aspergillus niger var. awamori. Curr. Genet. 37, 57-64. doi:
10.1007/5002940050009

Wang, T. H., Liu, T., Wu, Z. H., Liu, S. L., Ly, Y., and Qu, Y. B. (2004). Novel cellulase
profile of Trichoderma reesei strains constructed by cbhl gene replacement with
eg3 gene expression cassette. Acta Biochim. Biophys. Sin. (Shanghai) 36, 667-672.
doi: 10.1093/abbs/36.10.667

Ward, M., Lin, C, Victoria, D. C, Fox, B. P, Fox, J. A, Wong, D. L.,
etal. (2004). Characterization of humanized antibodies secreted by Aspergillus
niger. Appl. Environ. Microbiol. 70, 2567-2576. doi: 10.1128/AEM.70.5.2567-
2576.2004

Ward, O. (2012). Production of recombinant proteins by filamentous fungi.
Biotechnol. Adv. 30, 1119-1139. doi: 10.1016/j.biotechadv.2011.09.012

of the Mammalian Peptide
reesei.

www.frontiersin.org

February 2014 | Volume 5 | Article 75 | 9


http://www.frontiersin.org/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive
http://hdl.handle.net/1822/20921
\href{http://voyager.mq.edu.au/vwebv/holdingsInfo?searchId~$=$~593\&rec Count~$=$~50\&recPointer~$=$~3\&bibId~$=$~1955601}
\href{http://voyager.mq.edu.au/vwebv/holdingsInfo?searchId~$=$~593\&rec Count~$=$~50\&recPointer~$=$~3\&bibId~$=$~1955601}

Nevalainen and Peterson

Recombinant proteins in filamentous fungi

Wessels, J. (1993). Wall growth, protein excretion and morphogenesis in fungi. New
Phytol. 123,397-413. doi: 10.1111/j.1469-8137.1993.tb03751.x

Withers, J. M., Swift, R. J., Wiebe, M. G., Robson, G. D., Punt, P. J., van den
Hondel, C. A, etal. (1998). Optimization and stability of glucoamylase produc-
tion by recombinant strains of Aspergillus niger in chemostat culture. Biotechnol.
Bioeng. 59, 407—418. doi: 10.1002/(SICI)1097-0290(19980820)59:4<407::AID-
BIT3>3.0.CO;2-K

Workman, M., Andersen, M. R., and Thykaer, J. (2013). Integrated
approaches for assessment of cellular performance in industrially rele-
vant filamentous fungi. Ind. Microbiol. 9, 337-344 doi: 10.1089/ind.
2013.0025

Waosten, H. A., Moukha, S. M., Sietsma, J. H., and Wessels, J. G. (1991). Localization
of growth and secretion of proteins in Aspergillus niger. J. Gen. Microbiol. 137,
2017-2023. doi: 10.1099/00221287-137-8-2017

Ye, J., Ly, J., Watts, K., Hsu, A., Walker, A., McLaughlin, K., etal. (2011).
Optimisation of a glycoengineered Pichia pastoris cultivation process for com-
mercial antibody production. Biotechnol. Prog. 27, 1744-1750. doi: 10.1002/
btpr.695

Yoon, J., Aishan, T., Maruyama, J., and Kitamoto, K. (2010). Enhanced produc-
tion and secretion of heterologous proteins by the filamentous fungus Aspergillus
oryzae via disruption of vacuolar protein sorting receptor gene Aovps10. Appl.
Environ. Microbiol. 76,5718-5727. doi: 10.1128/AEM.03087-09

Zhao, Y.-Y., Takahashi, M., Gu, J.-G., Myyoshi, E., Matsumoto, A., Kitazume,
S., etal. (2008). Functional roles of N-glycans in cell signaling and cell

adhesion in cancer. Cancer Sci. 99, 1304-1310. doi: 10.1111/j.1349-7006.2008.
00839.x

Zhong, Y., Liu, X., Xiao, P., Wei, S., and Wang, T. (2011). Expression and secretion
of the human erythropoetin using an optimized cbhl promoter and the native
CBHI signal sequence in the industrial fungus Trichoderma reesei. Appl. Biochem.
Biotechnol. 165, 1169-1177. doi: 10.1007/s12010-011-9334-8

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 25 November 2013; paper pending published: 20 December 2013; accepted:
11 February 2014; published online: 27 February 2014.

Citation: Nevalainen H and Peterson R (2014) Making recombinant proteins in
filamentous fungi- are we expecting too much? Front. Microbiol. 5:75. doi:
10.3389/fimicb.2014.00075

This article was submitted to Microbiotechnology, Ecotoxicology and Bioremediation,
a section of the journal Frontiers in Microbiology.

Copyright © 2014 Nevalainen and Peterson. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation

February 2014 | Volume 5 | Article 75 | 10


http://dx.doi.org/10.3389/fmicb.2014.00075
http://dx.doi.org/10.3389/fmicb.2014.00075
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive

	Making recombinant proteins in filamentous fungi- are we expecting too much?
	Introduction
	The underlying effects of random mutagenesis
	Alternative promoters and transcription factors
	Tracking protein secretion
	Contained protein production
	Decorating proteins with sugars
	Current product levels of recombinant proteins and close competitors
	The effect of fermentation conditions
	Metabolic engineering and synthetic biology
	Conclusion
	References


