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Abstract

The fungus Trichoderma reesei is a powerful host for secreted production of proteins. The promoter of cdnal gene,
which encodes a small basic protein of unknown function and high expression, is commonly used for constitutive
protein production in T. reesei. Nevertheless, the production level of proteins driven by this promoter still needs to be
improved. Here, we identified that the region 600- to 700-bp upstream of the start codon is critical for the efficiency
of the cdnal promoter. Increasing the copy number of this region to three improved the production of a heterolo-
gous B-mannanase by 37.5%. Screening of several stressful conditions revealed that the cdnal promoter is heat
inducible. Cultivation at 37 °C significantly enhanced the production of f-mannanase as well as a polygalacturonase
with the cdnal promoter compared with those at 30 °C. Combing the strategies of promoter engineering, multi-
copy gene insertion, and control of cultivation temperature, 3-mannanase of 199.85 U/mL and relatively high purity
was produced in shake flask, which was 6.6 times higher than that before optimization. Taken together, the results
advance the understanding of the widely used cdnal promoter and provide effective strategies for enhancing the
production of recombinant proteins in T. reesei.
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Introduction
The filamentous fungus Trichoderma reesei is widely
used for cellulase production in industry, and the pro-
duction level of secreted proteins was reported to be
higher than 80 g/L (Bischof et al. 2016; Fonseca et al.
2020). In addition, T. reesei has been engineered for the
production of other kinds of enzymes and pharmaceuti-
cal proteins (e.g., glucoamylase, endo-1,4-beta-xylanase
and interferon (Bodie et al. 2021; EFSA Panel on Food
Contact Materials et al. 2018; Landowski et al. 2016)).
Consequently, the development of a powerful genetic
toolbox and efficient fermentation processes are impor-
tant for using T reesei as a host of protein production.
Strong promoters are essential to achieve high-level
production of proteins. The cellulase genes in 7. ree-
sei are highly inducible by cellulose, sophorose, and
lactose, and their promoters have been employed for
driving the expression of heterologous proteins (Fitz
et al. 2018; Sun et al. 2020; Zou et al. 2012). Because
the cellulase inducers can trigger the expression of doz-
ens of endogenous secreted proteins (Herpoél-Gimbert
et al. 2008), cellulase gene promoters are unfavorable
for downstream purification of target proteins (Chai
et al. 2022). In contrast, glucose represses the expres-
sion of most extracellular proteins, providing a clean
background for secreted protein production using con-
stitutive promoters (Linger et al. 2015; Rantasalo et al.
2019). Li et al. (2012) screened the promoters of 13
carbon metabolic genes and found that pdc (encoding
pyruvate decarboxylase) and eno (encoding enolase)
promoters had higher efficiencies in glucose medium.
Also, the cfel gene was found to be highly expressed
under various conditions, and its promoter was used
for gene overexpression in 7. reesei (Beier et al. 2022).
Nevertheless, the efficiencies of constitutive promoters

in T reesei are generally much lower than those of cel-
lulase gene promoters (Nakari-Setildas & Penttild,
1995).

The gene cdnal gene (Trire2_110879; NCBI Gene
ID:18,482,212) was identified as one of the most highly
expressed genes in glucose medium in 7. reesei (Nakari
et al. 1993). The promoter of cdnal was reported to be 20
to 50 times more efficient than that of translation elon-
gation factor la gene, tefl (Nakari-Setildas and Penttild,
1995). This promoter has been used to produce relatively
pure proteins in 1. reesei in glucose-containing media
(Sun et al. 2022; Uzbas et al. 2012; Zhang et al. 2022).
However, the production level of proteins using the
cdnal promoter still needs to be improved. In addition,
although the cdnal promoter is functional in both glu-
cose and cellulose media, whether it is regulated by envi-
ronmental signals is unclear.

In this study, the characteristics of the cdnal promoter
was revisited. The key sequence important for its effi-
ciency was identified, which allowed rational sequence
engineering for higher gene expression. In addition, the
promoter was found to be heat inducible. With the engi-
neered cdnal promoter and optimized cultivation con-
dition, the production of a B-mannanase in T reesei was
significantly improved.

Materials and methods

Strain construction

T. reesei QP4, a uracil auxotrophic strain generated from
QM9414 by deleting the pyr4 gene (Zhong et al. 2016),
was used as a parent for strain construction in this study.
The plasmid pM5p containing the 2,028-bp upstream
sequence of pyr4, followed by poman5A gene (GenBank
accession of protein sequence: EPS31069.1) and its 500-
bp downstream sequence from P oxalicum, pyrG gene
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Fig. 1 Identification of the key sequence and engineering of cdnal promoter. A Extracellular B-mannanase activities of strains expressing poman5A
with different lengths of cdnal promoter. The parent strain QP4 was used as a control. The samples were taken after 48 h of cultivation. B SDS-PAGE
analysis of culture supernatants analyzed in panel A. C Schematic representation of the original (Pc1159) and engineered (PcMC) cdnal promoter.
D Extracellular B-mannanase activities of strains expressing poman5A with original and engineered cdnal promoter. E SDS-PAGE analysis of the
culture supernatants at 72 h analyzed in panel D. Data in panels A and D represent mean = SD from triplicate cultivations

from Aspergillus nidulans as a selection marker, and
the 2,183-bp downstream sequence of pyr4, was used
for constructing gene expression cassettes (Additional
file 1: Fig. S1). The ClonExpress II One Step Cloning
Kit (Vazyme, China) was used to generate recombinant
plasmids.

The cdnal promoters of different lengths, as well as
the key sequence fragments (for PcMC) or 5-UTR of
cel5A (for MCUS5), were amplified from the genomic
DNA of QP4 and then inserted into the restriction site
Eco721 on pM5p. The MCU7 promoter was constructed
using fusion and nested PCR, and cloned into the Eco72I
site on pM5p. The obtained plasmids were digested
with restriction enzyme Pmel, and the poman5A gene
expression cassettes carrying homologous arms of pyr4

were recovered by purification. To construct pomanSA
randomly inserted strains, the PcMC-poman5A-pyrG
fragment was cloned into the Sacl and EcoRI sites of
plasmid pUC19, and then the generated plasmid was
linearized with restriction enzyme Ndel. The obtained
cassettes were transformed into the protoplasts of QP4
as described by Penttild et al. 1987. Transformants were
screened and purified on minimal medium plates, and
verified by diagnostic PCR. All the primers used for strain
construction were listed in Additional file 1: Table S1.

Cultivation
All T. reesei strains in this study were maintained on
Potato Dextrose Agar plates at 30 °C for 7 days for
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Fig. 2 Engineering of the 5’-untranslated region of cdnal promoter. A Schematic representation of the 5/-UTR replaced promoters. Yellow and
green boxes indicate 5-UTRs from ce/5A and cel7A promoters, respectively. The 123-bp intron in the UTR of cel5A is indicated by a thick line. B
Extracellular B-mannanase activities of strains expressing poman5A with different promoters at 48 h. Data represent mean = SD from triplicate
cultivations. C SDS-PAGE analysis of the culture supernatants analyzed in panel B

conidiation. Conidia were harvested by washing the
plates with normal saline containing 0.01% (w/v) Tween
80. For protein production, biomass measurement,
and RNA extraction, fresh conidia were inoculated into
50 mL seed medium at a final concentration of 10%/mL,
and the Erlenmeyer flasks were incubated in a rotary
shaker at 200 rpm at 30 °C for 24 h. Then, 5 mL seed cul-
ture was inoculated to 50 mL fermentation medium for
continued cultivation at 30 °C unless otherwise indicated.

The seed medium contained (g/L): glucose 20.0,
(NH,),SO, 5.0, KH,PO, 15.0, MgSO,-7H,0 0.6, CaCl,
0.6, peptone 2.0, FeSO,7H,O 0.005, MnSO,-H,O
0.0016, ZnSO,-7H,O 0.0014, and CoCl,-6H,O 0.002.
The fermentation medium contained (g/L): glucose 20.0,
(NH,),SO, 5.0, KH,PO, 5.0, MgSO,-7H,0 0.6, CaCl,
1.0, and yeast extract 20.0. For xylose fermentation
medium, glucose was replaced by 20 g/L xylose. For pH
8.0 medium, 50 mM Tris-HCI buffer (pH 8.0) was used
to prepare the medium. For low phosphate fermentation
medium, the concentration of KH,PO, was changed to
0.1 g/L and 50 mM sodium citrate buffer (pH 5.0) was
used for medium preparation. Uracil with a final concen-
tration of 1 g/L was added to the medium for the cultiva-
tion of QP4.

Enzyme assays and SDS-PAGE

For B-mannanase activity measurement, the crude
enzyme solution was diluted to 500 pL using 0.2 M acetic
acid-sodium acetate buffer (pH 4.8) and then mixed with
1.5 mL of 1% (w/v) locust bean gum (Sigma-Aldrich).
The reaction system was incubated at 50 °C for 30 min
and ended with the addition of 3 mL 3,5-dinitrosalicylic
acid reagent. After boiling for 10 min and the addition of
20 mL distilled water, absorbance at 540 nm was deter-
mined. The concentration of released product was calcu-
lated according to the standard curve of mannose. One
unit of B-mannanase activity was defined as the amount
of enzyme required to release 1 pmol mannose from
the substrate per minute under the above condition.
Polygalacturonase activity was measured using the same
method except that the substrate was replaced by 1%
(w/v) polygalacturonic acid (Sigma-Aldrich). The culture
supernatants were mixed with 5x SDS-PAGE loading
buffer (GenStar, China), boiled for 10 min, and centri-
fuged at 8,000 rpm for 1 min. Equal volumes (30 ul) of
samples were loaded into 12.5% (w/v) SDS-PAGE gels for
electrophoresis at 120 V for 1 h. Gels were stained with
Coomassie Blue R-250 solution for 1 h and then washed
with destaining solution (1:1:8 ethanol/acetic acid/water,
v/v/v) until a clear background was obtained.
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Fig. 3 The effect of temperature on protein expression driven by cdnal promoter. A 3-Mannanase production with Pc1159 promoter under
different conditions. The samples were taken after 24 h of cultivation. Data represent mean £ SD from duplicate cultivations. Xyl, xylose. Low P,
low phosphate. B The effect of temperature on 3-mannanase production of the strain expressing poman5A with Pc1159. The parent strain was
used as a control. € SDS-PAGE analysis of the culture supernatants analyzed in panel B. D The effect of temperature on cell growth. E The effect of
temperature on the transcript abundances of cdnal and poman5A in the strain expressing poman5A with Pc1159. RNA samples were taken at 24 h.
F The effect of temperature on endopolygalacturonase production by the strain expressing popga with Pc1159. G SDS-PAGE analysis of the culture
supernatants at 48 h analyzed in panel F. Data in panels B and D-F represent mean =4 SD from triplicate cultivations. In panel A, the statistical
significances of the difference between control and cultures under different conditions are shown. In panels B and F, the statistical significances of
the difference between cultures at 30 °C and 37 °C are shown. ¥, P<0.05; **, P<0.01; ***, P< 0.001
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Biomass measurement

The weight of filter paper was recorded after drying to
constant weight. Mycelia were harvested on filter paper
by vacuum filtration and then placed in a 65 °C oven to
dry to constant weight for weight measurement.

Nucleic acid extraction and quantitative PCR (qPCR)
The mycelia were collected on filter paper by vacuum
filtration and then ground to powder in liquid nitrogen.

DNA was extracted using the phenol/chloroform/isoa-
myl alcohol method as described by Ries et al. (Ries et al.
2014). Total RNA extraction and cDNA synthesis were
performed using the RNAiso Reagent (TaKaRa, Japan)
and HiScript III RT SuperMix for qPCR (+gDNA wiper)
(Vazyme, China), respectively, according to the manufac-
turers’ instructions.

For qPCR, diluted genomic DNA or ¢cDNA samples
were mixed with primers and TB Green Premix Ex Taq 11
(Tli RNaseH Plus) (TaKaRa, Japan) according to the man-
ufacturer’s instructions. qPCR analysis was performed on
LightCycler 480 II system (Roche) using the previously
described conditions except setting the annealing tem-
perature at 58 °C (Gao et al. 2017). The 2722€,. method
was used for data analysis (Livak and Schmittgen 2001).
To calculate the copy number of poman5A, the mixture
of actin gene fragment and poman5A gene fragment
with a molar ratio of 1:1 was used as a control. To deter-
mine relative changes in transcript abundances, the actin
gene was used as a reference gene. The results were simi-
lar with those calculated with sarl gene as a reference
(Steiger et al. 2010). The primers used for qPCR are listed
in Additional file 1: Table S2, Supporting Information.

Statistical analysis

Statistical significance tests of differences between sam-
ples were performed by calculating P values with one-
tailed homoscedastic ¢ test in the software Microsoft
Office 2010 Excel (Microsoft, USA).
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Results and discussion

Identification of a key sequence in cdnal promoter

In the earliest report, the 1.2-kb sequence preceding the
putative start codon of cdnal gene was used as the pro-
moter for gene expression (Nakari-Setdldas and Penttilg,
1995). However, the contribution of different regions
within this sequence to downstream gene transcrip-
tion was unknown. We constructed the expression cas-
settes of f-mannanase gene pomanSA from P. oxalicum
driven by the 1,159-bp cdnal promoter and its 5'-trun-
cated mutants. The PoMan5A enzyme recombinantly
expressed in Pichia pastoris was found to be highly sta-
ble under high temperature and acidic conditions, mak-
ing it suitable for many industrial applications (Liao et al.
2014). Each cassette was integrated into the pyr4 locus
of the parent strain QP4 via homologous recombina-
tion, and the obtained strains were confirmed to con-
tain only one copy of the pomanSA gene (Additional
file 1: Table S3). The production of B-mannanase using
the 831- and 700-bp promoters were about 16% lower
than that using the 1,159-bp promoter, while 71.4% and
85.4% declines were observed for the 600-bp and 505-
bp promoters, respectively (Fig. 1A). In agree with this,
SDS-PAGE analyses of the culture supernatants showed
that the protein band of PoMan5A (about 70 kDa) was
remarkably lighter in the strains containing 600-bp and
505-bp promoters (Fig. 1B). These results suggested that
the sequence between 700- and 600-bp upstream of the
start codon was critical for the efficiency of the cdnal
promoter.

Increasing the copy number of key sequence improved

the efficiency of cdna1 promoter

Increasing the copy number of cis-acting activating
sequence is an effective strategy for enhancing the effi-
ciency of promoters (Minetoki et al. 1998; Zhang et al.
2018). We constructed the strain expressing pomanSA
using the PcMC promoter containing three copies of the
— 700 to — 600 bp sequence (Fig. 1C). Despite the lack
of — 1,159 to — 700 bp sequence, the PcMC promoter
resulted in 37.4% higher p-mannanase production than
the 1,159 bp one at 48 h (Fig. 1D). The improved effi-
ciency of the PcMC promoter was further confirmed by
SDS-PAGE of the culture supernatants (Fig. 1E). In the
future, detailed mapping of the key activating sequence
within the — 700 to — 600 bp region and identification
of the bound transcriptional activator(s) are expected to
provide more efficient strategies to engineer the cdnal
promoter.
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Replacing the 5’-untranslated region further improved
B-mannanase production

Mapping the RNA-seq reads of 7. reesei (NCBI SRA
accession: SRR1057948) to the genomic sequence sug-
gested an about 186-bp 5'-untranslated region (UTR) in
the mRNA of cdnal. The highly expressed cellulase genes
in T reesei contain shorter 5'-UTR sequences than cdnal
(Saloheimo et al. 1988; Shoemaker et al. 1983), and might
contribute to their high production levels. Therefore, we
constructed chimeric promoters via replacing the 186-bp
3’ sequence of PcMC by the 5-UTRs of two major cellu-
lase genes (Fig. 2A). As shown in Fig. 2B and C, replace-
ment of the 5-UTR in PcMC promoter by those from
cel7A/cbhl and cel5A/eg2 improved the production of
B-mannanase by 23 and 35%, respectively. The possible
efficiency-determining factors in the three 5'-UTRs were
compared (Dvir et al. 2013). All three sequences contain
adenine at the -3 position, and only that of cel5A contains
an upstream AUG. We supposed that the different effi-
ciencies of the three 5-UTRs might be related to their
secondary structures.

Increased temperature induced the expression of genes
driven by the cdnal promoter
The cdnal gene encodes an 88-amino acid protein of
unknown function with a calculated isoelectric point of
11.51. Although cdnal is highly transcribed in glucose
medium, we speculated that such a small basic pro-
tein might be induced under some specific conditions.
Therefore, we cultivated pre-grown mycelia of the
Pcl1159-pomanSA strain under several different condi-
tions. Cultivation with xylose as sole carbon source, or
at pH 8.0, or with low phosphate, resulted in similar or
lower f-mannanase production levels. In contrast, cul-
tivation at 37 °C led to remarkably higher B-mannanase
production than that at 30 °C (Fig. 3A). Further experi-
ments showed that the increased temperature indeed
improved the expression of PoMan5A while inhibit-
ing cell growth (Fig. 3B-D). The abundances of both
cdnal and poman5A were significantly higher at 37 °C
relative to 30 °C, indicating that the cdnal promoter is
heat inducible (Fig. 3E). In addition, the production of a
heterologous endopolygalacturonase PoPga (GenBank
accession of protein sequence: EPS32977.1, Gao et al.
2022) driven by cdnal promoter was also enhanced at
37 °C (Fig. 3F, G), suggesting that elevating the temper-
ature might be a universal strategy for improving pro-
tein production with this promoter.

Then, the responses of engineered cdnal promot-
ers to elevated temperature were investigated. Despite
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the decreased strength, the truncated promoter
Pc600 maintained the characteristic of heat induc-
tion (Fig. 4A). However, the chimeric promoter MCU7
containing cel7A 5-UTR showed similar efficiencies
between 30 °C and 37 °C, suggesting that the replaced
186-bp sequence contains the putative heat-responsive
element. Cultivation at 37 °C increased p-mannanase
production with the PcMC promoter by 89%, which
was confirmed by SDS-PAGE analysis of the culture
supernatants (Fig. 4B).

Combined genetic and process engineering enabled
high-level production of f-mannanase

The above results showed that increasing the copy
number of -700 to -600 bp sequence, replacement of
5-UTR, and increasing the cultivation temperature
could all enhance the production of B-mannanase.
Considering that the 5-UTR replaced promoters were
not heat inducible any more, we constructed strains
containing multiple copies of PcMC-poman5A gene
expression cassettes via random genomic integration.
One of the transformants, R-MC-22, was determined to
contain two to three copies of the cassettes. The extra-
cellular B-mannanase activity of this strain cultivated at
37 °C reached 199.85 U/ml at 72 h (Fig. 5), which was
6.6 times higher than that integrated with one Pc1159-
pomanSA cassette cultivated at 30 °C (Fig. 1D).

Conclusions

This study identified the key sequence for the transcrip-
tion of downstream gene in the cdnal promoter of T.
reesei and found that increasing the cultivation tem-
perature could further enhance the efficiency of this
strong promoter. By combining the sequence modifica-
tion and process improvement, the production level of
B-mannanase was significantly enhanced. In the future,
elucidation of the regulatory mechanism of the cdnal
promoter is expected to help the design of more effi-
cient promoters for protein production in 7. reesei.
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