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reveals a potential role of dmm2 in DNA repair
and cellulase production
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Abstract

Background: The ascomycete Trichoderma reesei is one of the most efficient industrial producers of cellulase. Gene
targeting by homologous recombination is a key technique for improving strains and constructing mutants. In T.
reesei, tku70 (homologous to human KU70) was deleted to block non-homologous end-joining, which led to 95% of
transformants exhibiting homologous recombination.

Results: Two genes located in close proximity to tku70 were identified: the ferrochelatase gene hem8 (tre78582,
homologous to Aspergillus niger hemH and Cryptococcus neoformans HEM15) and a putative DNA methylation modu-
lator-2 gene dmm?2 (tre108087, homologous to Neurospora crassa dmm-2). Genome-wide surveys of 324 sequenced
fungal genomes revealed that the homologues of the three genes of interest are encoded in tandem in most Sordari-
omycetes. The expression of this three-gene cluster is regulated by blue light. The roles of these three genes were
analyzed via deletion and complementation tests. The gene hem8 was originally described as a novel and highly
distinct auxotrophic marker in T. reesei and we found that the product protein, HEM8, catalyzes the final step in heme
biosynthesis from highly photoreactive porphyrins. The lethal phenotype of the hem8 deletion could be overcome by
hematin supplementation. We also studied the functions of tku70 and dmm2 in DNA repair using mutagen sensitivity
experiments. We found that the Atku70 strain showed increased sensitivity to bleomycin, which induces DNA double-
strand breaks, and that the Admm?2 strain was sensitive to bleomycin, camptothecin (an inhibitor of type | topoi-
somerases), and hydroxyurea (a deoxynucleotide synthesis inhibitor). The double-mutant Atku70&dmm?2 showed
higher sensitivity to hydroxyurea, camptothecin, and bleomycin than either of the single mutants. Knockout of dmm2
significantly increased cellulase production.

Conclusions: Our data show, for the first time, that ferrochelatase encoded by hem8 catalyzes the final step in heme
biosynthesis from highly photoreactive porphyrins and that dmm2 encodes a putative DNA methylation modulator-2
protein related to DNA repair and cellulase expression in T. reesei. Our data provide important insights into the roles of
this three-gene cluster in T. reesei and other Sordariomycetes and show that the DNA methylation modulator DMM?2
affects cellulase gene expression in T. reesei.
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recombination (HR) is a key technique used to improve
strains, and researchers have attempted to achieve high
HR rates to construct mutants [4, 5].

In eukaryotes, two main recombination pathways have
been identified: the HR pathway and non-homologous
end-joining (NHE]J) pathway [6], which differ based on
whether the DNA double-strand breaks (DSBs) repair is
dependent on DNA sequence homology or not. KU70 is
one of the DNA repair proteins required for the NHE]
pathway [7]. Mutations in these proteins lead to mild
sensitivity to DNA-damaging agents such as UV irradia-
tion, methyl methanesulfonate (MMS), ethyl methanesul-
fonate (EMS), and phleomycin/bleomycin [8—10]. Earlier
studies have also shown that the homologous integra-
tion frequency via the HR pathway can be improved in
myecelial fungi by interrupting the NHE] pathway [11]. In
T. reesei, tku70 (homologous to human KU70) has been
deleted to block NHE] repair, resulting in integration at
the homologous site (HR pathway) in over 95% of the
transformants [4, 5].

Heme biosynthesis, a multistep biosynthetic pathway,
is highly conserved and tightly regulated throughout
evolution. Ferrochelatase participates in the final step
of heme biosynthesis and catalyzes the insertion of fer-
rous iron into protoporphyrin IX [12]. Light can kill or
mutate organisms by inducing the generation of highly
phototoxic porphyrin molecules during heme biosynthe-
sis [12]. In Cryptococcus neoformans, Neurospora crassa,
and Phycomyces blakesleeanus, which are representa-
tive species from three diverse phyla of the fungal king-
dom, ferrochelatase is produced in response to light as
a means of reducing exposure to photosensitization via
modulation of porphyrins [12, 13]. Deletion of ferroche-
latase hemH in Aspergillus niger is conditionally lethal,
and despite supplementation with hemin, the AhemH
strain still exhibits extremely impaired growth [14]. In C.
neoformans, ferrochelatase-deletion mutants AHEMIS5
are unable to generate haploid strains, even when the
medium is supplemented with exogenous hemin [13].
The mechanisms and regulation of heme biosynthesis in
T. reesei have not been elucidated yet.

Many organisms use DNA methylation to silence
transcriptional genes. In N. crassa, DNA Methylation
Modulators (DMMs) prevent aberrant spreading of
DNA methylation from normally methylated A:T-rich
DNA to nearby genes [15, 16]. DMMs rely on an associ-
ated protein, DMM-2, with a fungal-specific Zn(II),Cys,
DNA-binding motif, required for localization and proper
function [15, 16]. Mutations in DMM-2 resulted in DNA
hypermethylation defects in N. crassa [15, 16]. However,
the mechanisms that restrict methylation to appropriate
regions are largely unknown in 7. reesei.
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In our previous study, we attempted to delete the
DNA repair protein encoded by the tku70 gene to block
NHE] repair and improve homologous integration in
the hypersecreting mutant 1. reesei RUT-C30 (ATCC
56765). However, we failed to knock out the complete
coding region of tku70, which implied that some essen-
tial genes are located around tkuz70 and that the complete
deletion of this region will affect their expression. In this
study, we identified a three-gene cluster around tku70,
which includes the ferrochelatase gene hem8 (tre78582),
tku70, and a putative DNA Methylation Modulator-2
gene dmm?2 (trel08087). Genome-wide surveys of 324
sequenced fungal genomes revealed that the homologues
of the three genes of interest are encoded in tandem in
most Sordariomycetes. Our findings demonstrate, for the
first time, that ferrochelatase encoded by /hem8 catalyzes
the final step in heme biosynthesis and that dmm?2 is
related to DNA repair and cellulase expression in T. ree-
sei. These results suggest a potential role for DMM2 and
DNA methylation in DNA repair and cellulase produc-
tion in T. reesei.

Results

Identification of a three-gene cluster and phylogenetic
analysis of tre78582 and tre108087

A deletion plasmid pAtku70-1 was constructed with
2.0-kb upstream and downstream of the coding region
of tku70 used for the 5'- and 3'-flanking regions, respec-
tively, to knock out the complete tku70 coding region
(Fig. 1B). After transformation, 24 transformants were
selected; however, it was not possible to identify posi-
tive tku70 deletion mutants in the PCR screen (data not
shown). These results imply that some essential genes
are located around tku70 and that deleting the complete
tku70 coding region affects their expression, causing the
mutants to fail to grow (Fig. 1).

BLASTP analysis showed that ¢re78582 (scaf-
fold_11:161209-162603; XP 006966087.1), the upstream
gene of tku70, encodes a sequence of 421 amino acids that
belongs to the chelatase class II family (ferrochelatase;
pfam00762; E-value, 1.92e7'%). This sequence shares
78% identity with HemH (NCBI Reference Sequence:
XP_001396807.1), a ferrochelatase identified in A. niger.
Additionally, tre108087 (scaffold_11:165570-169162;
XP 006965972.1), the hypothetical downstream gene of
tku70, encodes a putative DNA methylation modulator-2
with a peptide of 1152 amino acids and has a GAL4-
like Zn(II),Cysy binuclear cluster DNA-binding domain
(pfam00172; E-value, 5.08e™'!). The closest match to the
deduced amino acid sequence available in the databases
was a hypothetical protein (XP_013954510.1) in T. virens
Gv29-8, with 64% identity.
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Phylogenetic  analysis  of  Trire2:78582  and
Trire2:108087 protein sequences (Fig. 2) produced a tree
whose branching was consistent with the established
phylogenetic relationships between the various taxa,
indicating orthology of the identified protein sequences.
Thus, we considered Trire2:78582 as the HemH ortholog

in T reesei and designated the protein as HEM8 (gene
name: sem8) and Trire2:108087 as the DMM-2 [15, 16]
ortholog in T. reesei and designated the protein as DMM?2
(gene name: dmm?2).

The three genes—tku70, hem8, and dmm2—showed a
very small physical distance between them (Fig. 1). Genes

Trichoderma reesei QM6a (XP 006966087.1)
Trichoderma parareesei (OTA00236.1)
Trichoderma gracile (KAH0496492.1)
Trichoderma citrinoviride (XP 024747293.1)
Trichoderma virens Gv29-8 (XP 013954508.1)
Trichoderma har=ianum (KKO97363.1)
(RFU79301.1)
b L Fscovopsis weberi (KOS21470.1)
)} iziam robertsii (EXV00961.1)
2| Fusarium solani (KAH7244680.1)
100 |—— Fusarium kuroshium (RMJ17357.1)
[— Neurospora crassa ORT4A (XP 962504.1)

100 L— Neurospora tetrasperma FGSC 2508 (XP 009849398.1)
s lecanii (OAQ96875.1)
Botrytis paconiae (TGO28100.1)

Aspergillus nidulans FGSC A4 (XP 681021.1)
Aspergillus fumigatus var. RP-2014 (KEY78845.1)
Aspergillus niger ATCC 1015 (BHA24614.1)
Aspergillus terreus (GES65940.1)

Aspergillus ory=ae RIB40 (XP 023092243.1)

Trichode i

100

002

evolutionary distance

Trichoderma reesei QM6a (XP 006965972.1)
Trichoderma parareesei (OTA00238.1)
Trichoderma gracile (KAH0496490.1)
Trichoderma citrinoviride (XP 024747291.1)
Trichoderma virens Gv29-8 (XP 013954510.1)
Trichoderma harzianum (PNP52801.1)

Trichoderma simmonsii (QYS93951.1)

100 7 (RFU79303.1)
100 ilacinum (XP 018183318.1)
—1 Hirsurella (XP 044722043.1)
7 | Fusarium (KAF4966185.1)

o ll:l'u\u/‘lu/u fujikuroi (KLP21131.1)
6 Fusarium equiseti (CAGT564165.1)

osis poae ATCC 64411 (KLU86245.1)

100 [~ Neurospora crassa ORT4A (XP 011394296.1)
2 Neurospora tetrasperma FGSC 2508 (XP 009848701.1)
100 Podospora anserina (XP 001910117.1)
9.8 C globosum (KAH6631787.1)

Aspergillus (XP 031942613.1)
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hem8 and tku70 were 496 bp apart, and tku70 and dmm?2
were 393 bp apart. The orientations of tku70 and hem8
are inverted, and a bidirectional promoter (496 bp) was
identified between these two genes. Moreover, dmm?2
was located on the same DNA strand as tku70.

Genome-wide surveys (Additional file 1) of 324
sequenced fungal genomes from Ascomycota, Basidiomy-
cota, Blastocladiomycota, Chytridiomycota, Glomeromy-
cota, Neocallimastigomycota, and Zygomycota revealed
some interesting observations. First, the homologues
of our three genes of interest are encoded in tandem in
most Sordariomycetes. Additionally, in 75% (136/180) of
ascomycetous fungal genomes, orthologs of hem8 and
tku70 are very close (not more than 1000 bp apart) and
encoded in two different DNA strands. The two adja-
cent genes may share a common promoter, since the
intergenic region of the two genes is very short. We also
observed that there is only one ortholog of hem8 or tku70
in most ascomycetous fungi, including 7. reesei. Moreo-
ver, several fungi from ascomycete and basidiomycete
phyla have two hem8 orthologs (such as Aspergillus zona-
tus and Penicillium raistrickii) or two tku70 orthologs
(such as Candida arabinofermentans and Plicaturopsis
crispa). Another interesting observation was the absence
of the tku70 ortholog in some Saccharomycetales spe-
cies (such as Pichia membranifaciens and Hyphopichia
burtoni), which is consistent with the predominance of
HR over NHE] in these species [17]. Furthermore, only
one conserved domain, the Zn(II),Cys, binuclear cluster
DNA-binding domain, was found located in the middle
of the predicted protein sequence of DMM2. We could
observe that this non-N/C-terminal Zn(II),Cys, protein
is widely distributed in ascomycetous fungal genomes
(present in 87 of 180 genomes). Only two species of
Basidiomycota, Amanita thiersii and Gymnopus luxuri-
ans, have orthologs of DMM2.

hem8 and tku70 are transcriptionally regulated by light

Earlier studies have shown that some hemH genes in
fungi are under the control of a light-regulated pro-
moter to reduce photo-oxidative damage via light-
mediated action on porphyrins [13]. Trichoderma
reesei hem8 and tku70 share a 496-bp upstream non-
coding region, which is thought to be a bidirectional
promoter (Fig. 1). Therefore, we hypothesized that
tku70 may also be regulated by light. To evaluate this
assumption, we compared transcript levels in the
presence or absence of blue light using RT-qPCR. As
shown in Fig. 3A, B, hem8 and tku70 were properly
photo-induced by 2- to 3-fold, when compared with
the mRNA levels in darkness, indicating that their
expression was strongly affected by blue light. The
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hem8 transcript level was increased by 2.8-fold within
the first hour under illumination, showing a minor
short-term response to light and a slight increase after
constant long-term illumination conditions (Fig. 3B).
In contrast, dmm?2 was induced twofold after 2 h
(Fig. 3C). Hence, these genes are regulated in response
to light, with variable time required for induction in
each case.

The promoter regions of the three genes were ana-
lyzed for specific motifs, including the light-response
element (LRE), a DNA motif found in the promoters of
genes regulated by light [18-21], and the fungal GATA
factor DNA-binding HGATAR (H=C, T, A; R=A, G)
consensus sequences [22]. As presented in Fig. 1A, one
LRE motif was found in the bidirectional promoter
region. Additionally, four HGATAR-binding sites were
found in the dmm?2 promoter region. These data corre-
late with the effects of light on tku70, hem8, and dmm?2
transcripts, as detected by RT-qPCR. Furthermore, we
found two LRE motifs in the 5’-coding region of tku70
(Fig. 1A). In eukaryotic cells, overlapping genes are not
common and we set out to determine whether the two
LRE motifs overlapping with tku70 are also responsible
for light-regulated transcription.

Two other tku70 deletion plasmids, pAtku70-2 and
pAtku70-3, were constructed with different 5'-flank-
ing regions than the one in pAtku70-1 (Fig. 1B). In
pAtku70-1, the 2.0-kb upstream noncoding region of
tku70 was used as the 5'-flanking region to knock out
the complete tku70 coding region, including the two
LRE motifs (Fig. 1B). In pAtku70-2 and pAtku70-3, a
small portion of 5'-tku70, which included only one or
two of the LRE motifs, was used to knock out partial
tku70 coding regions reserving one or two LRE motifs,
respectively (Fig. 1B). After transformation, 24 trans-
formants were screened for tku70 deletion by PCR
(data not shown). Homologous integration rates were
markedly different between pAtku70-1 (no tku70 dele-
tion mutant from 24 transformants), pAtku70-2 (five
tku70 deletion mutants from 24 transformants, which
were named Atku70-LRE strains with two LRE motifs
left in the 5'-flanking region of hem8), and pAtku70-3
(12 tku70 deletion mutants from 24 transformants,
which were named Atku70 strains with all three LRE
motifs left in the 5'-flanking region of hem8). We
compared the transcript levels of hem8 in Atku70 and
Atku70-LRE using RT-qPCR. As shown in Fig. 3A,
photoinduction of hem8 was partially compromised
in Atku70-LRE compared to that in Atku70, and the
parental strain RUT-C30 for one LRE motif was deleted
in the Atku70-LRE strain. These results further support
the notion that LRE motifs overlapping with tku70 are
crucial for the full transcription of ferrochelatase hems8.
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hem8 encodes a putative ferrochelatase, an essential
protein in T. reesei
Initial attempts to delete zem8 by transforming pAhem8
into the Rut-C30 strain failed. Twenty-four transfor-
mants were screened for deletion of sem8 and no mutant
was identified, suggesting that ferrochelatase is essential
for T. reesei. We were also unable to isolate sem8 deletion
mutants in 7. reesei haploid strains through conventional
gene replacement experiments, using HR, even when the
medium was supplemented with exogenous hematin.
Earlier studies have reported that the use of the KU70
ortholog deletion strain results in a high frequency of
heterokaryon formation in primary transformants when
an essential gene is disrupted [23]. We speculated that
it would be possible to select homokaryons from viable
heterokaryons. Therefore, we first attempted to obtain
the hem8 deletion strain based on the tku70 deletion
mutant Atku70.

After transforming the Atku70 strains, the colonies
(heterokaryons) displaying slightly red autofluorescence

under 365-nm light were selected for further spore pro-
duction (Additional file 2: Fig. S1). Deletion of hems8 is
conditionally lethal, and supplementation with hema-
tin yields brownish-pink colonies, indicating porphy-
rin accumulation in the cells [24]. However, our initial
attempts to isolate Akem8 homokaryons were unsuccess-
ful. After one round of single conidiospore isolation, no
colonies germinated in Mandels medium supplemented
with 50 mg/L hygromycin and 100 mg/L hematin. There-
fore, we questioned whether 7. reesei spores were not
capable of hematin uptake for germination.

Notably, we changed Mandels medium to malt extract
agar and, under this condition, we were able to success-
fully isolate homokaryons (Additional file 2: Fig. S1). As
the greatest difference between Mandels medium and
malt extract agar is the carbon source, we decided to
examine the additive carbon source and the concentra-
tion of hematin, to determine the optimal culture con-
ditions for the deletion mutants. Conidia (5x 10%) of
Ahem8 strains were transferred to different malt extract
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agar supplemented with 0, 100, or 250 mg/L of hematin
and 0 or 10 g/L of glucose or lactose incubated at 28 °C
for 3 days in the dark. We observed that the higher the
concentration of hematin in the medium, the faster the
strains grew. No growth was observed when spores were
inoculated on medium without hematin (Fig. 4). Moreo-
ver, no obvious growth was observed when spores were
inoculated on medium containing 100 mg/L of hematin
and 10 g/L of carbohydrates (Fig. 4). Red fluorescence
under 365-nm light indicated dramatic accumulation of
porphyrin (Fig. 4), revealing the absence of growth due
to upregulation of porphyrin, which would be expected
to result in increased damage, even under dark condi-
tions. However, when the concentration of hematin was
increased to 250 mg/L, Ahem8 could grow in the pres-
ence of 10 g/L of carbohydrates (Fig. 4). These results
indicate that the addition of glucose or lactose induce
porphyrin synthesis, whereas the addition of hematin
inhibits porphyrin synthesis.

Complementation of hem8 was done to analyze the
effect of iem8 on heme biosynthesis and test the possibil-
ity of its application as a selectable marker. The cassette
p3Chems8 (Fig. 1B) effectively complemented the growth
defect in the absence of hematin (Additional file 2: Fig.
S2). However, no obvious growth was observed when
the AhemS8 strain was transformed with the pl1Chem8
cassette (Fig. 1B) and grown on plates without hematin,
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except for a few colonies exhibiting slow growth (Addi-
tional file 2: Fig. S2). After 5 days of incubation, these
slow-growing colonies accumulated large amounts of
porphyrin (Additional file 2: Fig. S2). We reasoned that
this difference results from the fact that the p1Chem8
cassette has only one LRE motif (from the 496-bp bidi-
rectional promoter between hem8 and tku70), whereas
p3Chem8 complements the function of hem8 with three
LRE motifs (including two motifs overlapped with the
ORF of tku70). The presence of only one LRE motif in
the promoter may not be sufficient for complementation
of hem8 expression similar to the parental strain, as the
resulting colonies grew slowly and emitted high fluores-
cence (Additional file 2: Fig. S2), indicative of a dramatic
accumulation of porphyrin. Thus, by deletion of tku70
and complementation of the Ahem8 mutant, we demon-
strate that the sem8 gene encodes a functional ferroche-
latase enzyme, and that the two LRE motifs at the coding
region of tku70 are essential for ferrochelatase hem8
transcription. These data suggest that szem8 is a novel and
highly distinct auxotrophic marker in T reesei. The par-
tial complementation strain Ahem8::p1Chem8 might be a
good tool for porphyrin production.

Combined with previous data describing the increased
sensitivity to UV irradiation of Atku70 strains [4, 23],
our data suggest that light sensing by tku70 and hem8
is involved in protection against damage caused by UV

2.2 cm

365 nm UV light. Colony diameters are indicated below the plates

White Light
Haematin 0 mg/L 100 mg/L
Glucose (10 g/L)
Lactose (10 g/L)

No carbohydrate added ‘ ‘

Fig. 4 Phenotypic comparison and fluorescence detection of hem8 deletion strains. Conidia (5 x 10%) were spotted, and plates were incubated at
28 °C for 3-5 days. Strains were inoculated onto malt extract agar plates containing 0, 100, and 250 mg/L hematin. These malt extract agar plates
were also supplemented with different carbon sources (glucose, lactose, or no carbohydrate added). Red autofluorescence was detected under
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light. Thus, we decided to investigate whether light-
inducible dmm?2 is also responsible for DNA repair.

dmm?2 is involved in DNA repair

KU70 is a key component of the NHE] for DSB repair.
Previous data show that deletion of the tku70 gene
increases sensitivity to UV irradiation [4]. To systemati-
cally study the role of tku70 and dmm2 in DNA repair,
we constructed three mutants: Atku70, Admm2, and
the double-deletion strain Atku70&dmm2. Deletion of
dmm?2 (Fig. 2B) did not affect the growth on agar plates
or biomass production in shake-flask cultures.

Next, we tested the sensitivity of Atku70, Admm2, and
the parental strain RUT-C30 to different mutagens such
as hydroxyurea (HU) [8], MMS, EMS, bleomycin (BLM),
camptothecin (CPT) [8], mitoxantrone (MIT) [8], and
UV (Fig. 5 and Additional file 2: Fig. S3). Epistatic rela-
tionships between dmm2 and tku70 were examined using
the double-mutant Atku70&dmm?2. The T. reesei Atku70
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strain showed increased sensitivity to BLM, when com-
pared to the parental RUT-C30 strain (Fig. 5). Moreover,
the T. reesei Atku70 strain showed a slightly increased
sensitivity to CPT and HU, when compared to the paren-
tal strain (Fig. 5, Additional file 2: Fig. S3). We recon-
firmed that the T. reesei Atku70 strain showed increased
sensitivity to UV (Fig. 5) and no obvious increased sen-
sitivity to MMS (Fig. 5, Additional file 2: Fig. S3). Finally,
we found that the T. reesei Atku70 strain showed no obvi-
ous increase in sensitivity to EMS and MIT (Additional
file 2: Fig. S3). Interestingly, while the T. reesei Admm?2
strain showed no increased sensitivity to MMS, EMS,
and MIT, we could observe increased sensitivity to BLM
(Fig. 5). We also found that the T. reesei Admm?2 strain
showed sensitivity to HU and CPT, while the Atku70
strain showed slightly increased sensitivity (Fig. 5). In
contrast, the T reesei Admm2 strain showed a mild sensi-
tivity to UV compared with the parental strain, while the
Atku70 strain showed sensitivity (Fig. 5).
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differences from the parental strain RUT-C30 (*P < 0.05; **P < 0.01; ns not significant) based on one-way analysis of variance
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Double mutants were constructed by combining
Atku70 and Admm?2 with DNA repair mutants represent-
ing various epistatic groups and determining the sensitiv-
ity of each strain to UV, HU, CPT, and BLM. The tku70
mutation was epistatic to the dmm?2 mutation in terms of
sensitivity to UV radiation (Fig. 5). In contrast, the dmm?2
mutation was epistatic to the tku70 mutation in terms of
sensitivity to HU and CPT (Fig. 5). The double-mutant
was more sensitive to the DSB inducer BLM than the
parental single mutant (Fig. 5). The results showed that
the epistatic effect of BLM sensitivity was not signifi-
cant. These observations suggest that tku70 and dmm?2
are involved in different DSB repair pathways or different
steps in DSB repair.

To analyze the effects of dmm2 on the sensitivity to
HU and CPT, we tested the complementation of deletion
strain Admm?2 by dmm?2. In fact, our results showed that
pCdmm?2 (Fig. 1B) was able to rescue the sensitivity to
HU and CPT of the Admm?2 strain (Fig. 6). Thus, by dele-
tion and complementation tests, we demonstrated that
dmm?2 plays an important role in DNA repair in ascomy-
cetous fungi.

Overall, our findings suggest that dmm2 encodes a
putative DNA methylation modulator-2 gene that has
not been reported previously. dmm2 may positively affect
the expression of genes involved in DNA biosynthe-
sis and topoisomerase type I activation to repair DSBs,
as supported by the observation that the dmm?2 mutant
displayed sensitivity to the deoxynucleotide synthesis
inhibitor HU and topoisomerase type I inhibitor CPT.

dmm?2 affects cellulase expression
The deletion of dmm?2 had no effect on biomass produc-
tion in shake-flask cultures with lactose (Additional file 2:
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Fig. S4), with the exception of a significant improvement
(P<0.05) in cellulase production when compared to that
of the T. reesei parental strain RUT-C30 (Fig. 7). The
dmm?2 deletion mutant, Admm?2, displayed significantly
increased cellulase activity (150-200%), when com-
pared to the parental strain RUT-C30, in the presence of
microcrystalline cellulose (Avicel) or lactose (Fig. 5). The
enzyme activity in the complementation strain pCdmm?2
decreased to the same level as that in the control RUT-
C30 (Fig. 7). To investigate the effect of dmm?2 deletion
over cellulase transcription, we used real-time fluorescent
quantitative PCR (RT-qPCR) to detect the expression of
major cellulase genes in the Admm2 strain. As shown
in Fig. 8, knockout of dmm?2 significantly increased the
expression of four major cellulase genes (cbhl, cbh2, egli,
and egl2). These results are consistent with the increased
cellulase activity in the Admm?2 strain (Fig. 7). XYR1 and
ACE3 are considered crucial cellulase activators and both
xyrl and ace3 genes were significantly upregulated by
two times (Fig. 8). In conclusion, the observed increase
in cellulase production in the Admm?2 strain may be due
to the elevated expression of both cellulase and cellulase
activator genes. These findings indicated that the DNA
methylation modulator dmm2 plays an inhibitory role in
cellulase production.

To further investigate the potential for industrial appli-
cations of Admm?2, cellulase production was analyzed in
a 7-L fermenter. Figure 9 illustrates the time course of
the fed-batch culture using lactose as the carbon source.
For Admm?2, 15.2 g/L of Admm?2 biomass was obtained
at 144 h, and the maximum FPase activity was reached
(25.15 U/mL) at 168 h. An increase of approximately
20-30% in cellulase production was observed between
Admm?2 and parental strain RUT-C30 (20.51 U/mL) after
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a 7-day cultivation (Fig. 9). These results indicated that
Admm?2 is an effective strain for cellulase production.

Discussion

In this study, we characterized a three-gene cluster con-
taining hem8, tku70, and dmm?2, and investigated the
functions of this cluster in T, reesei. Transcript-level anal-
ysis of these three tandem genes showed that they are
all induced by blue light. tku70, the ortholog of human
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Fig. 9 Time-course of the fed-batch culture of T. reesei Admm2 for
cellulase production in a 7-L fermenter. The samples were taken at
regular intervals, and the supernatant was analyzed for determining
the FPase activity. Mycelia were collected for biomass measurement.
Values are the mean = SD of results from three triplicate
measurements

KU70 in T reesei, is required for the NHE] pathway of
DNA repair. Thus, we used deletion mutants and comple-
mentation experiments to examine the functions of hem8
and dmm?2, which were coregulated with tku70 by blue
light.

Using BLAST comparisons, we found that hem8
encodes a putative ferrochelatase (EC 4.99.1.1). Mutation
of this gene causes photosensitivity, such as porphyria
in humans, likely due to the accumulation of porphy-
rin intermediates, that are highly phototoxic [12-14].
We found that #em8 is under the control of not only a
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496-bp light-inducible bidirectional promoter between
hem8 and tku70, but also of two crucial LRE motifs over-
lapped with the ORF of tku70. Blue light mediates hem8
expression, resulting in the reduction of photo-oxidative
damage. Furthermore, in 75% (136/180) of ascomycetous
fungi, the ortholog genes of hem8 and tku70 are in close
proximity (no longer than 1000 bp) and are encoded in
two different DNA strands. These results illustrate that
the overlap between hemH and ku70 may be universal
in ascomycetous fungi, and the overlap associated with
coregulation may be explained by natural selection.

Deletion of hem8 was successful in the Atku70 strain
and we could obtain homokaryon transformants with
250 mg/L of hematin supplementation, whereas fer-
rochelatase mutants have been reported to be difficult
to achieve in C. neoformans [13] and A. niger [14]. We
demonstrate that complementation of hem8 could be
achieved via different promoters, such as pdc and xyn2
(data not shown), in addition to its own endogenous
promoter, used in p3Chem8. Researchers were unable to
directly isolate ferrochelatase-deletion mutants in hap-
loid and diploid strains of C. neoformans through conven-
tional gene replacement experiments using HR [13]. Two
reasonable explanations for these problems would be
that C. neoformans ku70 mutation strains were not used
as hosts, and that 10 mg/L of hematin supplementation
was implemented [13]. In contrast, in our study, we used
250 mg/L of hematin, which was a significantly higher
concentration. In A. niger, the selection of homokaryons
was achieved by increasing the hematin concentration up
to 1 g/L and adding 1% (w/v) Tween 80 for 10-21 days
of incubation [14]. We could obtain homokaryons of T.
reesei with a simple deletion of ferrochelatase, when
compared to that in A. niger [14]. Using medium without
added carbohydrates and malt extract agar supplemented
with 250 mg/L of hematin, homokaryon transformants
were easily obtained after 3-5 days of incubation. In
previous studies in A. miger, researchers used minimal
medium or complete medium with glucose as the car-
bon source [14]. Thus, additional studies are required to
determine whether the isolation would be easy in A. niger
if a medium without added glucose was used.

Using BLAST comparisons, we identified tre108087 as
a putative DNA methylation modulator-2 gene dmm?2,
which was shown to be widely present in fungi, and it
was reported to prevent the spread of DNA methylation
from transposons to nearby genes in N. crassa [15, 16].

We systematically studied the role of tku70 and its
neighbor, dmm2, in DNA repair using UV irradiation,
HU, BLM, MMS, EMS, CPT, and MIT. We observed
that the T. reesei Atku70 strain showed increased sensi-
tivity to BLM, when compared to the parental RUT-C30
strain. Because KU70 is a key component of the NHE]
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pathway-associated DSB repair, it was not unexpected
that the T. reesei Atku70 strain showed increased sensitiv-
ity to the DSB inducer BLM. DMM2 plays a positive role
in DNA repair. Notably, the T. reesei Admm?2 mutant was
also sensitive to BLM and showed increased sensitivity to
HU and CPT, which are expected to interact physically
and/or genetically with DNA synthesis and topoisomer-
ase L. Results of the epistasis analysis indicated that tku70
and dmm?2 play different roles in DSB repair.

DMM2 plays an inhibitory role in cellulase produc-
tion and the expression of the cellulase crucial activators
xyrl and ace3 in T. reesei. The T. reesei Admm2 mutant
showed significant improvement in cellulase production,
when compared to the parental strain RUT-C30. Further
studies are needed to elucidate the function of the DNA
methylation modulator DMM2 in cellulase production.

Conclusions

In conclusion, we identified a light-regulated three-gene
cluster including tku70, a key component of the NHE]
pathway, and two new genes (hem8 and dmm?2), which
were found to be related to DNA damage repair in 1. ree-
sei. hem8 encodes a putative ferrochelatase with the cod-
ing region overlapping with gene tku70. The orthologs of
HEMS were described to be involved in relieving photo-
toxic damage [12-14]. In addition, s#em8 represents an
efficient auxotrophic marker for generating transgenic
fungi. Contrarily, dmm2 encodes a putative DNA meth-
ylation modulator-2 gene, which is widespread in the
ascomycetous fungal genome (Additional file 1). Our
data suggest that this protein is involved in DSB repair
and cellulase production in T. reesei. Our results provide
evidence that DNA methylation modulators affect cellu-
lase expression in 7. reesei. Further studies are required
to elucidate the specific role of dmm?2 in the regulation of
gene expression.

Methods

Strains and culture conditions

Escherichia coli DH5a was used as a host strain for
recombinant DNA manipulations. 7. reesei RUT-C30
(ATCC 56765) was used as a host for gene knockout. The
T. reesei strains constructed in this study are summarized
in Table 1. Agrobacterium tumefaciens GV3101 was used
in an Agrobacterium-mediated transformation system
[25]. Luria—Bertani (LB) medium was used for E. coli and
A. tumefaciens cultures. Mandels medium [26] contain-
ing a 10 g/L carbon source was used for the general fun-
gal culture. Transformants were selected using Mandels
medium containing 100 pg mL~! hygromycin B. Malt
extract agar (Merck, Darmstadt, Germany) was used for
ferrochelatase mutant culture and mutagen sensitivity
analysis. The selective medium for amdS™ transformation
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Table 1 T reesei strains constructed in this study

Strain Relevant features Source

T. reesei RUT-C30  Parental strain ATCC
Atku70-LRE T reesei RUT-C30 with pAtku70-2,amds™  This study
Atku70 T. reesei RUT-C30 with pAtku70-3,amdst  This study
Ahem8 T reesei Atku70 with pAhem8, amds™ hyg®  This study
Admm?2 T reesei RUT-C30 with pAdmm2, hyg*t This study
Atku70&dmm?2  Atku70 with pAdmm?2, amds™ hyg™ This study
Ahem8:1Chem8  Ahem8 with p1Chem8, amds™ hygt bar™  This study
Ahem8:3Chem8  Ahem8 with p3Chem8, amds™ hyg™ bar™  This study
Admm2:Cdmm2  Admm2 with pCdmm2, hyg™t bart This study

contained (g/L): glucose 20, KH,PO, 15, MgSO, 0.6,
CaCl,, 0.6, FeSO,-7H,0O 0.005, MnSO,-H,0O 0.0016,
ZnSO,-7H,0 0.0014, and CoCl, 0.002, with 10 mM
acetamide as the sole nitrogen source and 12.5 mM CsCL
The conditions for the bar™ transformation are reported
earlier by us [32]. The pH of the solution was adjusted to
5.5. In all plates, 1.5% agarose was used as the solidifying
agent.

Identification and sequence analysis of the T. reesei genes
The upstream and downstream sequences of tku70 in the
genome of T. reesei (http://genome.jgi.doe.gov/Trire2/
Trire2.home.html) were identified using the BLASTP
search. The conserved residues were analyzed by align-
ment of amino acid sequences, and a phylogenetic tree
was constructed for protein sequences of some related
proteins from three diverse phyla of the fungal king-
dom using MEGA version 6.0 and the neighbor-joining
method with 1000 bootstrap replicates [27, 28].

Blue light photoinduction

Spore suspensions of the 7. reesei strains were used for
photoinduction assays after inoculation into 20 mL Man-
dels medium containing 10 g/L glucose with 10® mL™*
conidiospores, at 28 °C for 36 h in the dark before light
exposure. Three flasks were then subjected to continuous
exposure to blue light in a shaking incubator with light-
emitting diodes (blue LED: 137 W m™2) at 28 °C. Simul-
taneously, three flasks were placed in the dark. Samples
of mycelia were collected at different times (0, 1, and 2 h),
dried on filter paper, and used for RNA extraction. Myce-
lium collection was performed in a dark room with red
light for security.

RNA isolation and quantitative real-time reverse
transcription polymerase chain reaction (RT-qPCR)
Approximately 100 mg of T. reesei mycelia were har-
vested. Total RNA was extracted using a FastRNA Pro
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Red Kit (MPbio, Irvine, CA, USA), according to the
manufacturer’s instructions. Reverse transcription was
performed with 1000 ng of total RNA, using TransScript
All-in-One First-Strand cDNA Synthesis SuperMix for
qPCR (TransGen, Beijing, China), according to the man-
ufacturer’s instructions. For RT-qPCR, the TransStart
TipTop Green qPCR SuperMix (TransGen) was used
with 200 nM of forward and reverse primers (Additional
file 2: Table S1) and 1 uL of tenfold diluted ¢cDNA in a
final volume of 20 pL. Under different light conditions,
the ribosomal protein-encoding gene rpl6e was found to
be a reliable reference gene for RT-qPCR in T. reesei [18,
29]. For gene transcription analysis, SYBR Green assays
with the reference genes rpl6e [18, 29] and sarl [30]
were performed as previously described. Thermocycling
was performed in an ABI StepOne Plus thermocycler
(Applied Biosystems, Foster City, CA, USA).

Construction of T. reesei Atku70, Ahem8, Admm2,

and Ahem8&dmm2 mutants

The deletion cassettes for the deletion of genes tku70,
hem8, and dmm?2 were constructed using a pEASY-Uni
Seamless Cloning and Assembly Kit (TransGen). The T.
reesei Atku70 mutant was constructed with the amdS-
selectable marker, and Ahem8 and Admm?2 strains were
obtained using a hygromycin resistance marker. The
deletion construct contained the selection marker (from
pamdS or pPKls) [31] flanked by 1-2-kb fragments
upstream and downstream from the 5’ and 3’ ends of the
open reading frames (ORFs) of tku70, hem8, and dmm?2,
respectively (Fig. 2, Additional file 2: Fig S5).

All the primers used are listed in Additional file 2:
Table S1. The 5'-flanks were first assembled at the
Pacl/Xbal sites of the pPKls (pamdS for tku70) vector
[31]. Subsequently, 3'-flanks were cloned into the Swal
site of the three resulting plasmids with corresponding
5'-flanks. The deletion vectors (pAtku70-1, pAtku70-2,
pAtku70-3, pAhem8, and pAdmm?2) were transformed
into the T. reesei RUT-C30 strain using Agrobacterium-
mediated transformation. For pAtku70-1, pAtku70-2,
pAtku70-3, and pAdmm?2 transformation, 24 transfor-
mants were collected from the appropriate plates [31],
and diagnostic PCR was used to verify the successful
knockout of the targets [33]. The principles and primers
used for diagnostic PCR are listed in Additional file 2:
Fig. S5.

Isolation of the T. reesei Ahem8 mutant

The hem8 deletion strains were constructed by trans-
forming the disruption vector pAhems8 into the Atku70
strain and plated on malt extract agar supplemented
with 100 mg/L hygromycin. Colonies (heterokaryons)
with hygromycin resistance germinated after 3—7 days.
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The conidia were then collected, diluted, and spread on
malt extract agar supplemented with 0—250 mg/L hema-
tin and 0-10 g/L carbon source (glucose or lactose). The
obtained homokaryons were analyzed for porphyrin
accumulation using autofluorescence detection and veri-
fied using diagnostic PCR [33]. The principles and prim-
ers used for diagnostic PCR are listed in Additional file 2:
Fig. S5.

Construction of complementation strains
For complementation of Ahem8, 3.2- and 3.6-kb PCR
products of hem8 were obtained using the primer pairs
shown in Additional file 2: Table S1. The two PCR prod-
ucts were similar except that the 3.6-kb PCR product
contained a 0.4-kb DNA fragment from the nearby gene
tku70 (Fig. 2). For complementation of the deletion strain
Admm?2, the 4.5-kb PCR product of dmm2 was obtained
using specific primer pairs (Additional file 2: Table S1).
The two PCR products of hem8 and one PCR product
of dmm?2 were assembled at the Pacl/Xbal sites of p9B
[32] to obtain the complementation vectors pl1Chems8,
p3Chem8, and pCdmm?2 (Fig. 2), which were transformed
into the corresponding deletion strains of T. reesei.
Complementation of the Ahem8 strain was obtained
using hem8 as the selection marker and was verified by
diagnostic PCR and full restoration of growth on medium
without hematin. Complementation of the Admm2 strain
was performed using a bar as the selection marker [32]
and was verified by diagnostic PCR with primers pair
dmm2-OF/OR.

Mutagen sensitivity

The survival rates of the strains in the presence of MMS,
EMS, BLM, camptothecin (CPT), mitoxantrone (MIT),
and hydroxyurea (HU) were measured as described by
Suzuki et al. [8]. The survival rates of different 7. reesei
strains after exposure to UV irradiation were measured
as previously described [4]. UV exposure was determined
using a UV crosslinker (UVP, Upland, CA, USA). Conid-
ial suspensions were adjusted to an ODg,, of 0.8 and
then diluted tenfold. Aliquots were sampled and plated
on malt extract medium. The surviving colonies were
counted after 3 days. All survival experiments were per-
formed in triplicate.

Cellulase production in a shake flask and fermenter culture
Cellulase production in a shake flask was conducted as
previously described [2]. In brief, conidia (final concen-
tration 106/mL) of T. reesei strains were grown at 28 °C,
in 20 mL of 2 x Mandels medium (1.0 g/L yeast extract,
3.0 g/L peptone, 0.6 g/L urea, 2.8 g/L (NH,),SO,,
4.0 g/L KH2PO4, 0.5 g/L CaCl,, 0.6 g/L MgSO,-7H,0,
5.0 mg/L FeSO,7H20, 1.6 mg/L MnSO,-4H20,
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1.4 mg/L ZnSO,-7H,0, and 20 mg/L CoCl,-6H,0)
containing 2% (w/v) lactose or 1% (w/v) Avicel (PH-
101, Sigma-Aldrich) as the sole carbon source. The
supernatant was used for the cellulase assays. Filter
paper hydrolyzing activity (FPA) was measured using
1 x 6 cm filter paper (Whatman No. 1; Whatman Lab-
oratories, Hillsboro, OR, USA) in 5-mL reactions with
0.1 M K,HPO,-KH,PO, buffer (pH 5.0) at 50 °C for
60 min. The released reducing sugar was determined
by the 3, 5-dinitrosalicylic acid (DNS) colorimetric
method using glucose as a standard. One unit of activity
(U) was defined as the amount of enzyme that released
1 pmol of glucose-equivalent reducing sugar per min-
ute [2]. Mycelia were collected for RNA extraction.

Cellulase production in a fermenter culture was con-
ducted according to the method described in a previous
study [2] with some modifications. In brief, fermenta-
tion was conducted in a 7-L fermenter (Shanghai Bai-
lun Bio-technology Co., Ltd.) with an initial working
volume of 3 L at 28 °C for mycelial growth. Seed cul-
tivation was performed as follows: for each strain,
approximately 10 conidia were inoculated into 300 mL
Mandels medium with 10 g/L glucose and 10 g/L lac-
tose and then cultivated using rotation (200 rpm) at
28 °C for 36 h. This culture was poured into 2.7 L of
fresh 2 x Mandels medium containing 5 g/L glucose,
37 g/L lactose, and 27 g/L corn steep in a 7-L jar fer-
menter and cultivated using rotation at 28 °C, 200-
500 rpm, and 1 vvm for 7 days. Feeding took place after
3 days of fermentation by adding 60 g lactose and 10 g
corn syrup every 24 h. The pH was controlled within
the range of 4.0-4.3 for the first 3 days and at 5.0-5.2
thereafter with ammonia water. The dissolved oxygen
(DO) amount was controlled above 10%. The superna-
tant was used for the cellulase assay and protein con-
centration determination. Subsequently, mycelia were
collected for biomass measurements.

Statistical analysis

All experimental data shown in this paper were obtained
from at least three independent samples with identi-
cal or similar results. The error bars indicate standard
deviations (SDs) from the mean of triplicate determina-
tions. Student’s ¢ test was used to compare two samples.
Duncan’s multiple-range test was used for multiple com-
parisons. Within each set of experiments, P<0.05 was
considered to indicate a significant difference.

Abbreviations

UV: Ultraviolet; FPA: Filter paper activity; MA: Mandels—Andreotti; gPCR: Quan-
titative PCR; ORF: Open reading frame; BLASTP: Protein basic local alignment
search tool.
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Additional file 1: Genome-wide surveys of the homologues of the three-
gene cluster in 324 sequenced fungal genomes.

Additional file 2: Figure S1. A T. reesei hem8 is essential and Ahem8
mutants exhibit an extreme growth defect in the absence of haema-

tin. B Heterokaryons showed slow growth with supplementation of
haematin. C Heterokaryons displayed slight red auto-fluorescence under
365 nm UV light. D Spores were inoculated on malt extract agar plates
with 250 mg L~" and homokaryons were isolated. Colonies displayed
obvious red auto-fluorescence under 365 nm UV light. Figure S2. Cas-
sette p3Chem8 and p1Chem8 complemented the Ahem8 mutant. AThe
complementation vectors (p3Chem8 and p1Chem8) were transformed

to T. reesei Ahem8 mutant using Agrobacterium-mediated transformation
using hem8 as the selection marker. B Conidia (5 x 10) of strains with cas-
sette p3Chems8 (left) or p1Chems8 (right) were spread on Mandels'medium
plates without hematin. C Red auto-fluorescence was detected under
365 nm UV light for two kinds of complementation strains. Figure S3.
Sensitivities and epistasis analysis of Atku70 and Admm2. A conidial sus-
pension was mixed with malt extract agar medium containing the colony
restrictor Triton X-100 and MMS, EMS or MIT at indicated concentration.
Colonies were counted after incubation at 28 °C for 2-3 days. All error bars
indicate mean £ SEM (n = 3 samples) from the same experiment. Figure
S4. The biomass production of T. reesei RUT-C30 and Admm2 with lactose
as the carbon source. Mycelia were collected for biomass measurement.
Values are the mean = SD of results from three triplicate measurements.
Figure S5. Diagnostic PCR for tku70, hem8, and dmm2 deletion. The

gene deletion cassettes for tku70, hem8, and dmm2 were constructed by
ligating approximately 1000 bp of the 5/- and 3’-flanks into the backbone
plasmids (pPK1s for hem8 and pamdS for tku70). The binding sites of
primers on the genome of T. reesei and the expected sizes of the products
in diagnostic PCR for gene deletions are shown. Diagnostic PCR for tku70
deletion was conducted using the following primer pairs: tku70-CF/D71
for the region upstream of the 5’-end, HG3.5/tku70-CR for the region
downstream of the 3’-end, and tku70-OF/OR for the open reading frame
of tku70. Diagnostic PCR for hem8 deletion was conducted using the fol-
lowing primer pairs: hem8-CF/D72 for the region upstream of the 5’-end,
HG3.6/hem8-CR for the region downstream of the 3’-end, and hem8-OF/
OR for the open reading frame of hem8. Diagnostic PCR for dmm2 deletion
was conducted using the following primer pairs: dmm2-CF/D72 for the
upstream region of the 5’-end, HG3.6/dmm2-CR for the downstream
region of the 3’-end, and dmm2-OF/OR for the open reading frame of

dmm?2. Table S1. Primers used in this study.

Acknowledgements

We wish to thank Zhongping Du (Sunson Industry Group Co., Ltd., Suite 628,
China Minmetals building, Block 4 Anhuili, Chaoyang District, Beijing, China)
for providing a testing ground. We would like to thank Editage (www.editage.
cn) for English language editing.

Authors’ contributions

WW initiated, designed, and coordinated the study and reviewed the manu-
script. WC planned and carried out experiments and measurements, and inter-
preted experimental data. LZ carried out some experiments and measure-
ments. YC supported the research funding. XF reviewed the manuscript. All
authors have read and approved the final manuscript.

Funding

The project was funded by the Natural Science Foundation of Shanghai,
China (No. 22ZR1417600), the National Natural Science Foundation of China
(32000050), and Shanghai Agriculture Applied Technology Development
Program, China (Grant No. 2021-02-08-00-12-F00758).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article (and its Additional files).

Page 13 of 14

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'State Key Lab of Bioreactor Engineering, New World Institute of Biotechnol-
ogy, East China University of Science and Technology, Shanghai 200237, China.
“State Key Laboratory of Microbial Technology, School of Life Sciences, Shan-
dong University, Jinan, China. *State Key Lab of Bioreactor Engineering, New
World Institute of Biotechnology, East China University of Science and Tech-
nology, 130 Meilong Road, PO. Box 311, Shanghai 200237, China.

Received: 8 January 2022 Accepted: 19 March 2022
Published online: 29 March 2022

References

1.

Chen YM, Lin AB, Liu P, Fan XJ, Wu C, Li N, et al. ACE4, a novel transcrip-
tional activator involved in the regulation of cellulase genes on cellulose
in Trichoderma reesei. Appl Environ Microbiol. 2021,87:e0059321.

Chen YM, Wu C, Fan XJ, Zhao XQ, Zhao XH, Shen T, et al. Engineering of
Trichoderma reesei for enhanced degradation of lignocellulosic biomass
by truncation of the cellulase activator ACE3. Biotechnol Biofuels.
2020;13:62.

Kubicek CP. Systems biological approaches towards understanding cel-
lulase production by Trichoderma reesei. ) Biotechnol. 2013;163:133-42.
Guangtao Z, Hartl L, Schuster A, Polak S, Schmoll M, Wang T, Seidl V,
Seiboth B. Gene targeting in a nonhomologous end joining deficient
Hypocrea jecorina. ) Biotechnol. 2009;139:146-51.

Steiger MG, Vitikainen M, Uskonen P, Brunner K, Adam G, Pakula T, Penttild
M, Saloheimo M, Mach RL, Mach-Aigner AR. Transformation system for
Hypocrea jecorina (Trichoderma reesei) that favors homologous integration
and employs reusable bidirectionally selectable markers. Appl Environ
Microbiol. 2011;77:114-21.

Shrivastav M, De Haro LP, Nickoloff JA. Regulation of DNA double-strand
break repair pathway choice. Cell Res. 2008;18:134-47.

Sonoda E, Hochegger H, Saberi A, Taniguchi Y, Takeda S. Differential usage
of non-homologous end-joining and homologous recombination in
double strand break repair. DNA Repair. 2006;5:1021-9.

Suzuki K, Kato A, Sakuraba Y, Inoue H. Srs2 and RecQ homologs cooper-
ate in mei-3-mediated homologous recombination repair of Neurospora
crassa. Nucleic Acids Res. 2005;33:1848-58.

Ninomiya Y, Suzuki K, Ishii C, Inoue H. Highly efficient gene replacements
in Neurospora strains deficient for nonhomologous end-joining. Proc Natl
Acad Sci USA. 2004;101:12248-53.

Inoue H. Exploring the processes of DNA repair and homologous integra-
tion in Neurospora. Mutat Res. 2011,728:1-11.

. Krappmann S. Gene targeting in filamentous fungi: the benefits of

impaired repair. Fungal Biol Rev. 2007,21:25-9.

Franken AC, Lokman BC, Ram AF, Punt PJ, van den Hondel CA, de Weert
S. Heme biosynthesis and its regulation: towards understanding and
improvement of heme biosynthesis in filamentous fungi. Appl Microbiol
Biotechnol. 2011;91:447-60.

Idnurm A, Heitman J. Ferrochelatase is a conserved downstream target
of the blue light-sensing white collar complex in fungi. Microbiology.
2010;156:2393-407.

Franken AC, Werner ER, Haas H, Lokman BC, van den Hondel CA, Ram
AF, de Weert S, Punt PJ. The role of coproporphyrinogen Il oxidase and
ferrochelatase genes in heme biosynthesis and regulation in Aspergillus
niger. Appl Microbiol Biotechnol. 2013;97:9773-85.


https://doi.org/10.1186/s13068-022-02132-y
https://doi.org/10.1186/s13068-022-02132-y
http://www.editage.cn
http://www.editage.cn

Cai et al. Biotechnology for Biofuels and Bioproducts

20.

21

22.

23.

24.

25.

26.
27.
28.

29.

30.

31

32.

33

(2022) 15:34

. Honda S, Lewis ZA, Huarte M, Cho LY, David LL, Shi Y, Selker EU. The DMM

complex prevents spreading of DNA methylation from transposons to
nearby genes in Neurospora crassa. Gene Dev. 2010;24(5):443.

. Tamaru H. Confining euchromatin/heterochromatin territory: jumoniji

crosses the line. Gene Dev. 2010,24(14):1465.

. Siede W, Fried| AA, Dianova |, Eckardt-Schupp F, Friedberg EC. The

Saccharomyces cerevisiae Ku autoantigen homologue affects radiosen-
sitivity only in the absence of homologous recombination. Genetics.
1996;142:91-102.

. Tisch D, Kubicek CP, Schmoll M. New insights into the mechanism of

light modulated signaling by heterotrimeric G-proteins: ENVOY acts on
gnal and gna3 and adjusts CAMP levels in Trichoderma reesei (Hypocrea
Jjecorina). Fungal Genet Biol. 2011;48:631-40.

. Castellanos F, Schmoll M, Martinez P, Tisch D, Kubicek CP, Herrera-Estrella

A, Esquivel-Naranjo EU. Crucial factors of the light perception machinery
and their impact on growth and cellulase gene transcription in Tricho-
derma reesei. Fungal Genet Biol. 2010;47:468-76.

Tisch D, Schmoll M. Targets of light signalling in Trichoderma reesei. BMC
Genom. 2013;14:657.

Froehlich AC, Liu Y, Loros JJ, Dunlap JC. White Collar-1, a circadian blue
light photoreceptor, binding to the frequency promoter. Science.
2002;297:815-9.

Scazzocchio C. The fungal GATA factors. Curr Opin Microbiol.
2000;3:126-31.

Meyer V, Arentshorst M, El-Ghezal A, Drews AC, Kooistra R, van den
Hondel CA, Ram AF. Highly efficient gene targeting in the Aspergillus niger
kusA mutant. J Biotechnol. 2007;128:770-5.

Géra M, Chacifska A, Rytka J, Labbe-Bois R. Isolation and functional
characterization of mutant ferrochelatases in Saccharomyces cerevisiae.
Biochimie. 1996;78:144-52.

De Groot MJ, Bundock P, Hooykaas PJ, Beijersbergen AG. Agrobacterium
tumefaciens-mediated transformation of filamentous fungi. Nat Biotech-
nol. 1998;16:839-42.

Mandels M, Weber J. The production of cellulases. Adv Chem Ser.
1969;95:391-413.

Saitou N, Nei M. The neighbor-joining method: a new method for recon-
structing phylogenetic trees. Mol Biol Evol. 1987;4:406-25.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30:2725-9.
Schuster A, Tisch D, Seidl-Seiboth V, Kubicek CP, Schmoll M. Roles of
protein kinase A and adenylate cyclase in light-modulated cellulase regu-
lation in Trichoderma reesei. Appl Microbiol Biotechnol. 2012;78:2168-78.
Steiger MG, Mach RL, Mach-Aigner AR. An accurate normalization strat-
egy for RT-qPCR in Hypocrea jecorina (Trichoderma reesei). J Biotechnol.
2010;145:30-7.

Zhang G, Zhu'Y, Wei D, Wang W. Enhanced production of heterologous
proteins by the filamentous fungus Trichoderma reesei via disruption of
the alkaline serine protease SPW combined with a pH control strategy.
Plasmid. 2014;71:16-22.

Zhang L, Zhang S, Jiang X, Wei W, Wang W, Wei D. A novel host-vector
system for heterologous protein co-expression and purification in

the Trichoderma reesei industrial strain RUT-C30. Biotechnol Lett.
2016;38:89-96.

Li G, Lin F, Zhou L, Qin L, Li B, Zhou Z, Jin M, Chen Z. Cellulase hyper-
production by Trichoderma reesei mutant SEU-7 on lactose. Biotechnol
Biofuels. 2017;10:228.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A three-gene cluster in Trichoderma reesei reveals a potential role of dmm2 in DNA repair and cellulase production
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Identification of a three-gene cluster and phylogenetic analysis of tre78582 and tre108087
	hem8 and tku70 are transcriptionally regulated by light
	hem8 encodes a putative ferrochelatase, an essential protein in T. reesei
	dmm2 is involved in DNA repair
	dmm2 affects cellulase expression

	Discussion
	Conclusions
	Methods
	Strains and culture conditions
	Identification and sequence analysis of the T. reesei genes
	Blue light photoinduction
	RNA isolation and quantitative real-time reverse transcription polymerase chain reaction (RT-qPCR)
	Construction of T. reesei Δtku70, Δhem8, Δdmm2, and Δhem8&dmm2 mutants
	Isolation of the T. reesei Δhem8 mutant
	Construction of complementation strains
	Mutagen sensitivity
	Cellulase production in a shake flask and fermenter culture
	Statistical analysis

	Acknowledgements
	References




