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ABSTRACT

Penicillium chrysogenum is not only an industrially important filamentous fungus for penicillin produc-
tion, but it also represents as a promising cell factory for production of natural products. Development of
efficient transformation systems with suitable selection markers is essential for genetic manipulations in
P. chrysogenum. In this study, we have constructed a new and efficient Agrobacterium tumefaciens-
mediated transformation (ATMT) system with two different selection markers conferring the resistance
to nourseothricin and phleomycin for P. chrysogenum. Under the optimized conditions for co-cultivation
at 22 °C for 60 h with acetosyringone concentration of 200 uM, the transformation efficiency of the ATMT
system could reach 5009 + 96 transformants per 10 spores. The obtained transformants could be
exploited as the T-DNA insertion mutants for screening genes involved in morphogenesis and secondary
metabolism. Especially, the constructed ATMT system was applied successfully to generate a knockout
mutant of the laeA regulatory gene and relevant complementation strains in a wild strain of
P. chrysogenum. Our results indicated that the LaeA regulator controls growth, sporulation, osmotic stress
response and antibiotic production in P. chrysogenum, but its function is reliant on nitrogen sources.
Furthermore, we showed that the laeA orthologous genes from the citrus postharvest pathogen
P. digitatum and from the industrial fungus Aspergillus niger could recover the phenotypic defects in the
P. chrysogenum laeA deletion mutant. Conclusively, this work provides a new ATMT system, which can be
employed for T-DNA insertional mutagenesis, heterologous gene expression or for molecular inspections
of potential genes related to secondary metabolism in P. chrysogenum.

© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

1. Introduction

synthetic cephalosporin (Guzman-Chavez et al., 2018b; Jami et al.,
2010; Sonderegger et al, 2016; Veiga et al, 2012a).

The filamentous fungus Penicillium chrysogenum is well-known
for industrial production of the first f-lactam antibiotic, penicillin,
used for medical treatment of bacterial infectious diseases (van den
Berg, 2010). This fungus has been recently employed as a host for
production of different natural products such as the pigment
chrysogine, antifungal proteins, extracellular enzymes and semi-
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P. chrysogenum has been sequenced for the whole genome (van den
Berg et al., 2008), therefore engineering of this fungus to improve
its capacity for biosynthesis of natural products becomes more
convenient.

Engineering of fungi usually requires genetic tools including
efficient transformation methods (Martins-Santana et al., 2018;
Nora et al., 2019a,b). Recently, the new genome editing tool
CRISPR/Cas9 has been successfully developed in fungi including
P. chrysogenum (Nedvig et al., 2015; Pohl et al., 2016). CRISPR/Cas9
systems for genetic engineering of filamentous fungi also require
suitable delivery methods, in which protoplast-mediated

1878-6146/© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
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transformation (PMT) and Agrobacterium tumefaciens-mediated
transformation (ATMT) are the commonly used methods (Song
et al., 2019). ATMT has been used for gene transfer in numerous
filamentous fungi since 1998 (de Groot et al., 1998; Idnurm et al.,
2017; Michielse et al., 2005; Sun et al., 2019). Although ATMT was
applied successfully to P. chrysogenum (de Boer et al., 2013; Sun
et al., 2002), it has not been significantly exploited for genetic
manipulations in this fungus. Currently, PMT is still the preferred
method employed for P. chrysogenum (Guzman-Chavez et al.,
2018a; Hoff et al., 2010; Li et al., 2017). However, PMT usually re-
quires protoplasts, which are generated by using an enzyme cock-
tail and a complicated protocol (de Bekker et al., 2009). In
comparison to the PMT method, the advantage of the ATMT
method is that fungal spores can be directly used as material for
transformation without any further treatment (Nguyen et al., 2016;
Vu et al., 2018). Therefore, development of efficient ATMT systems
with more options for selection markers in P. chrysogenum will
provide additional platforms for engineering of this industrial
fungus.

Up to date, several genes associated with penicillin biosynthesis
in P. chrysogenum have been investigated for their functions by
genetic engineering approaches (Guzman-Chavez et al., 2018a; Liu
et al., 2013; Sigl et al., 2011; Weber et al., 2012). Among them, the
genes encoding regulatory proteins of velvet complex play vital
roles in fungal development and penicillin biosynthesis in
P. chrysogenum (Kopke et al., 2013). A key member of this protein
complex as the global regulator LaeA was indicated to control
fungal growth, sporulation and secondary metabolism (Hoff et al.,
2010; Kosalkova et al., 2009). In other filamentous fungi, LaeA
control of fungal development and secondary metabolism is coor-
dinated by environmental factors such as nutrition and abiotic
stresses (Sarikaya Bayram et al, 2010; Wiemann et al., 2010).
However, the influence of these factors on the function of LaeA in
P. chrysogenum remains to be clarified.

In this study, we have constructed a highly efficient ATMT sys-
tem for genetic manipulation in P. chrysogenum. By employing the
developed ATMT system, we further showed the first time that the
function of the LaeA regulator in a wild strain of P. chrysogenum in
regulation of fungal development, osmotic stress response and
secondary metabolism is strongly affected by nitrogen sources,
especially when nitrate is used as sole nitrogen source.

2. Materials and methods
2.1. Microbial strains and cultivation media

Escherichia coli DH5a and A. tumefaciens AGL1 were used for
plasmid propagation and fungal transformation, respectively.
Staphylococcus aureus ATCC 25923 was employed as the indicator
strain for antibacterial activity assay (Treangen et al., 2014). These
bacterial strains were cultivated in Luria-Bertani (LB) medium. A
wild strain of P. chrysogenum (code: VTCC 31172) isolated from
fungi-contaminated rice was provided by Vietnam Type Culture
Collection (http://vtcc.info), Vietnam National University — Hanoi.
This fungal strain was grown and maintained on the potato
dextrose agar (PDA) medium.

2.2. Preparation of fungal spore suspension and genomic DNA
extraction

For spore preparation, the fungal strains were grown on the PDA
plates at 25—28 °C for 3—6 d. Sterile distilled water was added to
the agar plate surface and spores were liberated from fungal
mycelium by scraping with a sterile glass spreader. The liquid
mixture was collected and filtered through Miracloth (Calbiochem,

Darmstadt, Germany) before a centrifugation at 4000 rpm for
10 min. The spore pellet was washed twice with sterile distilled
water and resuspended in sterile distilled water again to obtain a
final spore suspension. Fungal spore concentration was quantified
under microscopy using a hemocytometer (HEINZ HERENZ Medi-
zinalbedarf GmbH, Hamburg, Germany). The obtained spore sus-
pension was adjusted to the concentration of 10° spores/ml. The
spore suspension was directly used after preparation or stored at
4 °C for later use.

For fungal genomic DNA extraction, the fungal strains were
grown in the potato dextrose broth (PDB) medium at the temper-
ature of 25—28 °C, 200 rpm for 3 d and the mycelia were harvested
by filtration of the cultures through Miracloth (Calbiochem,
Darmstadt, Germany). Extraction of genomic DNA from the fungal
mycelia was conducted as previously described (Tran et al., 2017).

2.3. Assays of fungal sensitivity towards antifungal substances

A fresh 4-mm diameter agar plug containing the 3-day-old
fungal mycelium or 10 pl of each spore suspension (108 spores/ml)
of the tested fungal strain was placed on the PDA medium sup-
plemented with different antibiotic concentrations of hygromycin
(100—800 pg/ml), nourseothricin (25—100 pg/ml) or phleomycin
(50—200 pg/ml). The plates were incubated at the temperature of
25 °C for 3—4 d to examine fungal growth.

2.4. PCR amplification

Target DNA sequences were amplified by PCR with specific
primer pairs (Table 1). Phusion high-fidelity DNA polymerase
(Thermo Scientific, Massachusetts, USA) was used for DNA cloning,
while the GoTaq® Green Master Mix (Promega, Madison, USA) was
used for PCR screening, instead. The PCR procedure includes 94 °C
(3 min); 30 cycles 0of 94 °C (30 s), 58—60 °C (30 s), 72 °C (1—2 min);
72 °C (7 min). The PCR products were analyzed on 0.7 % agarose
gels. Target DNA bands were excised and purified with MEGAquick-
spin™ Plus Total Fragment DNA Purification Kit (Intron Biotech-
nology, Gyeonggi-do, Korea).

2.5. Plasmid construction

The binary vector pPK2-phleo was constructed by a replacement
of the hygromycin resistance cassette of pPK2 (Covert et al., 2001)
with the phleomycin resistance cassette, which was isolated from
pAN8-1 (Mattern et al., 1988) by using the restriction enzymes
EcoRl and Xbal. The DsRed expression cassette including the
Aspergillus nidulans gpdA promoter, the DsRed gene and the
A. nidulans trpC terminator was isolated from pEX2 (Nguyen et al.,
2016) by digestion with Spel and HindlIll. This expression cassette
was purified and ligated to pPK2-phleo at the compatible sticky
ends generated by digestion with Xbal and HindlIll. The recombi-
nant plasmid pPK2-Red2 harbors the phleomycin resistance
marker for the expression of the DsRed reporter gene under the
control of the A. nidulans gpdA promoter.

The binary vector for deletion of laeA in P. chrysogenum VTCC
31172 was constructed as follows. The 5’ and 3’ flanking regions of
the laeA gene corresponding to the scaffold_4:2207350-2211500 in
the genome database of the filamentous fungus P. chrysogenum
(https://genome.jgi.doe.gov/Pench1/Pench1l.home.html) were
amplified by PCR using the specific primer pairs P1/P2 and P3/P4,
respectively (Table 1). The obtained PCR products were digested
with EcoRV/Sacl or Xbal/Hindlll and purified for ligations to the
binary vector pKO211 at the compatible restriction sites. The re-
combinant binary vector pLaeAA harbors the laeA deletion cassette
including the laeA 5’ flanking sequence (1499 kb), the
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Table 1

The primers used in this study.
Primer name Sequence (5'-3") Product size (bp) Source
GFP-F ATGGTGAGCAAGGGCGAG 720 Nguyen et al. (2017)
GFP-R TCACTTGTACAGCTCGTCCATGC
NAT-F GGTTAATTAACAACTGATATTGAAGGAGCA 970 Vu et al. (2018)
NAT-R GGACTAGTGCTTTGGTTTAGGGTTAGG
DsRed-F AACTCGAGCACGTGCTTAAGGATATCATGGCCTCCTCCGAGG 729 Nguyen et al. (2017)
DsRed-R AAGGATCCCCGCGGGAGCTCGATATCCTACAGGAACAGGTGGTGGC
Phleo-F GGGCTCGAGAGGCCTCCGGTGACTCTTTCTGGC 1250 This study
Phleo-R TCGGTCAGTCCTGCTCCT
ORF-F GCGACACCTACCTCCCATAA 1254 This study
ORF-R TTATTCCTCGACTGGTTTTCG
P1 GGGATATCAATTACTGAGCCTGGGCCTAC (EcoRV) 1499 This study
P2 GGGAGCTCGAAGGCGGTTGTGAATTGAT (Sacl)
P3 GGTCTAGAGGGACGTGCTATGGCTAACT (Xbal) 1359 This study
P4 GGAAGCTTCAAGAATGGCTCAGGTGCTA (HindllI)
P5 CCTGCTGCTAATGGGACTTC This study
P6 TCCTATGACTGGCATGATCG 2697 This study
P7 GGGAGGATGTTGTTGCTGTT
PdlaeA-F GGCICGAGATGGACTTGTATACGCTGATCG (Xhol) 1496 This study
PdlaeA-R GGTCTAGACGTCAGCAGTTGGGGTCTAT (Xbal)
AnlaeA-F GGGTACGTATTGATTGAACGAACCCCTGT (SnaBI) 1526 This study
AnlaeA-R GGGAAGCTTCGTCAAGGAGATGGAATTGG (HindIlI)

nourseothricin resistant gene under the control of the A. nidulans
trpC promoter (0.93 kb), and the laeA 3’ flanking sequence
(1.359 kb). This vector was verified for the correctness by digestion
with EcoRI.

The binary vectors harboring the intact laeA gene from
P. chrysogenum or its orthologs from Penicillium digitatum and
Aspergillus niger under the regulation of the A. nidulans gpdA pro-
moter or the Aspergillus oryzae amyB promoter were constructed as
follows for complementation of the AlaeA mutant. The open
reading frame (ORF) of laeA with its terminator was amplified from
P. chrysogenum genome with the primer pair P6/P7 (Table 1) using
Phusion high-fidelity DNA polymerase (Thermo Scientific, Massa-
chusetts, USA) to generate a blunt-end PCR product of 2.697 kb.
This product was digested with HindllII prior to being purified for a
ligation to the binary vector pPK2-Red2 at the restriction sites
EcoRV and Hindlll. The corresponding plasmid pPclaeA was
confirmed by digestion with EcoRI. Similarly, the primer pair
PdlaeA-F/PdlaeA-R (Table 1) provided a 1.480 kb— PCR product of
the laeA gene with its 3’ terminal sequence from P. digitatum PdVN1
(Vuetal,, 2018). The obtained blunt-end product was digested with
Xbal and ligated into pPK2-Red2 at the restriction sites EcoRV and
Xbal. The resultant binary vector pPdlaeA for expression of PdlaeA
under the regulation of the gpdA promoter was verified by diges-
tion with EcoRI and BamHI. For expression of the laeA gene from
A. niger N402 (Bos et al., 1988), the sequence of this gene with its
terminal sequence was amplified with the primer pair AnlaeA-F/
AnlaeA-R (Table 1). A 2.317 kb—PCR product was digested with
SnaBI and HindlIllI prior to being fused to the amyB promoter at the
compatible sites Pmll and HindlIll in pEX2B (Nguyen et al., 2017).
The whole AnlaeA expression cassette was isolated and ligated to a
modified version of the binary vector pPK2-phleo at the restriction
sites Spel and Hindlll. The recombinant vector pAnlaeA was
confirmed by digested with EcoRI.

2.6. Agrobacterium tumefaciens-mediated transformation of
P. chrysogenum

Genetic transformation of P. chrysogenum VTCC 31172 using
A. tumefaciens was performed as previously reported for the citrus
postharvest pathogen P. digitatum (Vu et al., 2018) with some minor
modifications. The binary vector was transformed into the
A. tumefaciens AGL1 competent cells by electroporation. Positive

bacterial colonies were confirmed by PCR using a gene-specific
primer pair (Table 1). A. tumefaciens AGL1 carrying the binary
vector was then grown in LB liquid medium and subsequently pre-
induced in the induction medium (IM) containing 200 uM aceto-
syringone (AS). A mixture including 100 pl of the induced
A. tumefaciens culture and 100 pl of the fungal spore suspension
(10%,10° or 108 spores/ml) was spread on the filter paper, code: FT-
3-303-090 (Sartorius, Gottingen, Germany), laid on the IM agar
plates containing AS (100, 200, 300 uM). Different time intervals
(48, 60, 72 h) and different temperatures (20, 22, 25 °C) for co-
cultivation were tested. The filter membranes were transferred to
the PDA plates supplemented with nourseothricin (50 ug/ml) or
phleomycin (200 ug/ml) for selection of fungal transformants and
cefotaxime (300 pg/ml) for elimination of the Agrobacterium cells.
The plates were incubated at the temperature of 25—28 °C for
4-5d.

2.7. Analysis of fungal transformants

The obtained fungal transformants were grown on the PDA
medium supplemented with nourseothricin (50 pg/ml) or phleo-
mycin (200 pg/ml) to confirm their antifungal compound resistance
ability. These transformants were then purified by single spore
isolation and their mitotic stability was examined for at least three
successive generations on the PDA medium without the antifungal
compounds. The purified transformants were cultivated in the PDB
medium and the obtained respective mycelia were used for
genomic DNA extraction. Successful integrations of T-DNA frag-
ments carrying respective target cassettes from the binary vectors
into fungal genome were confirmed by PCR using the specific
primer pairs (Table 1).

Expression of the GFP or DsRed reporter gene in the trans-
formants was examined by fluorescence microscopy. The tested
transformants were cultivated separately on sterile microscopic
slides with the PDA medium as previously described (Vu et al.,
2018). The samples were then detected for the green fluorescent
or red fluorescent signal under the Axioplan fluorescence micro-
scope (Carl Zeiss, Germany).

Examination of T-DNA insertion transformants was performed
by cultivating them on the PDA medium for 3—5 d, at 28 °C for
morphological observations of fungal colonies and fungal hyphae
under microscopy. Further, these mutants were evaluated for
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antibiotic biosynthesis ability, which exhibits the antibacterial ac-
tivity against S. aureus.

2.8. Assays of carbon sources and osmotic stress agents on fungal
growth

Fungal strains including the wild strain P. chrysogenum VTCC
31172, AlaeA mutant, and complementation strain were cultivated
on the Czapek-Dox agar (CDA) medium (2 % sucrose, 0.2 % NaNOs,
0.1 % KH,PO4, 0.05 % MgS0y4, 0.05 % KCl, 0.05 % NaCl, 0.002 % FeSOs4,
1.6 % agar, pH 7), in which sucrose was replaced with different
carbon sources (glucose, lactose, maltose, galactose, starch, cellu-
lose, xylan). For osmotic stress assays, spore suspensions (10°
spores/ml) of examined strains were grown on PDA, CDA plates
supplemented with different concentrations of sorbitol (1-3 M)
and sodium chloride (0.5—2 M). The minimal CDA medium con-
taining sodium nitrate or ammonium acetate as the sole nitrogen
source for comparison. The plates were incubated at 28 °C for 5 d.

2.9. Assays of antibiotic production in fungal strains

The antibiotic production medium (APM) for P. chrysogenum
comprises (per liter) 22.5 g lactose, 7.5 g glucose, 3 g CH3COONH_,
3 g KH2PO4, 0.25 g MgSO4.7H20, 0.1 g FeSO4.7H20, 0.005 g
CuS04.5H,0, 0.02 g ZnS04.7H,0, 0.5 g NaS04, 0.02 g MnSO4.H,0,
0.05 g CaCl,.2H,0, pH 7.3. The wild strain P. chrysogenum VTCC
31172 and transgenic strains (T-DNA insertion mutants, the AlaeA
mutant and the complementation strains) were grown on the PDA
plates at 28 °C for 7 d for harvesting spores. Afterwards, 1 ml of each
spore suspension (10° spores/ml) was inoculated in a conical flask
containing 50 ml of the liquid APM. The flasks were incubated in a
shaking incubator at 200 rpm, 28 °C for 7 d. The obtained cultures
were centrifuged at 6000 rpm for 10 min and the supernatants
were collected for antibacterial activity assays.

For the antibacterial activity assay, the indicator bacterium
S. aureus ATCC 25923 was grown in the LB liquid medium at 30 °C
for 24 h and 50 pl of the bacterial culture was spread on a PDA plate
by using sterile glass beads. Afterwards, four agar holes were made
on the PDA plate by using a sterile 9 mm—diameter plastic tube and
50 pl of each supernatant collected from the respective fungal
culture was added to the agar holes. The plate was kept at 4 °C for
4—6 h prior to being incubated at 37 °C for 24 h.

2.10. Assays for effects of nitrogen sources and acetate on fungal
growth and antibiotic production

Ammonium salts including (NH4),SO4, NH4Cl, and CH3COONH,4
were used to replace NaNOs present in the media (CDA, APM) with
the equal amounts (3 g/l) to examine their roles in fungal growth
and antibiotic production. For evaluating effects of acetate, sodium
acetate or acetic acid (3 g/l) was added to the media. The pH values
of the modified CDA were adjusted to pH 7, while the pH values of
the modified APM were set at pH 7.3. Fungal cultivation on agar
plates was maintained at 28 °C for 5—7 d. Fungal growth on the
media was captured with a digital camera and quantification of
antibiotic production was performed as described above.

3. Results

3.1. P. chrysogenum is highly resistant to hygromycin, but sensitive
to nourseothricin and phleomycin

The dominant selection markers conferring the resistance to
hygromycin, nourseothricin and phleomycin have been widely used
for genetic transformation of different fungi (Alshahni et al., 2010;

de Groot et al., 1998; Janus et al., 2007; Punt et al., 1987; Tran et al.,
2014; Vu et al.,, 2018). In this study, we examined the sensitivity of
the wild strain P. chrysogenum VTCC 31172 to these antifungal
compounds. The results revealed that this fungal strain is inher-
ently resistant to high concentrations of hygromycin (up to 800 ug/
ml), but is sensitive to nourseothricin and phleomycin. Fungal
spores appear to be more susceptible towards nourseothricin and
phleomycin than fungal mycelia. The concentration of 50 pg/ml for
nourseothricin or 200 pg/ml for phleomycin inhibits completely
fungal growth from both the inoculation material types (mycelia
and spores) (Figs. S1 and S2). Therefore, these concentrations of the
selection agents can be used for genetic transformation of
P. chrysogenum VTCC 31172 to suppress the growth of untrans-
formed fungal cells.

3.2. ATMT is a powerful method for genetic transformation of
P. chrysogenum

The ATMT method has been demonstrated to be highly effi-
cient for genetic transformation of filamentous fungi (de Groot
et al,, 1998; Idnurm et al., 2017; Michielse et al., 2005; Mullins
et al,, 2001; Nguyen et al., 2017; Vu et al., 2018). Although the
ATMT method has been successfully utilized for the penicillin-
producing fungus P. chrysogenum, the PMT method remains to
be the most commonly used method for this industrial fungus
(Cantoral et al., 1987; de Boer et al., 2010, 2013; Opalinski et al.,
2010; Pohl et al., 2016; Sonderegger et al., 2016; Sun et al,,
2002). In this study, we employed the binary vector pGreen3
(Vu et al., 2018) harboring the nourseothricin acetyltransferase
gene under the control of the A. nidulans trpC promoter (PtrpC)
(Fig. 1A) for evaluating genetic transformation of P. chrysogenum
VTCC 31172 by using the ATMT method with optimized trans-
formation parameters. The results showed that ATMT is a very
effective method for genetic transformation of P. chrysogenum
VTCC 31172. We showed that changes in the parameters of the co-
cultivation step strongly influenced on the transformation effi-
ciencies. Under the optimized conditions for the ATMT method
including the co-cultivation temperature of 22 °C, the co-
cultivation time of 60 h, the AS concentration of 200 uM and
the spore concentration of 10® spores/ml, the transformation ef-
ficiency of P. chrysogenum VTCC 31172 could reach a very high
yield of 5009 + 96 transformants per 10® spores (Fig. 1B). Addi-
tionally, five transformants were randomly selected for cultiva-
tion on the PDA medium without addition of nourseothricin as the
selection agent for three successive generations. These trans-
formants were then examined by PCR using the specific primer
pairs (Table 1) and by fluorescence microscopy. The results
revealed that the integration of the T-DNA fragment carrying the
cassettes for nourseothricin resistance and GFP expression in all
five transformants was mitotically stable through several gener-
ations. Examination under fluorescence microscopy confirmed
the expression of the GFP reporter gene in fungal mycelium, in
which the clear green signal was homogenously distributed
across fungal cells (data not shown).

The phleomycin resistance gene was shown the first time as a
selection marker for the protoplast-mediated transformation of
Aspergillus species (Mattern et al., 1988). In present study, we
indicated that this selection marker can be used effectively for the
ATMT of P. chrysogenum. Two newly constructed binary vectors
pPK2-phleo and pPK2-Red2 (Fig. S2) were used successfully for
genetic transformation of the wild strain P. chrysogenum VTCC
31172 with the phleomycin concentration of 200 ug/ml for fungal
selection. All tested transformants could maintain T-DNA fragments
in their genomes and express stably the DsRed fluorescent reporter
gene through several mitotic generations (Fig. 2).
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Fig. 1. Optimization of the ATMT method in P. chrysogenum VTCC 31172. (A) The scheme representing the T-DNA fragment of the binary vector pGreen3, which carries the
cassettes for expression of the nourseothricin resistance gene (NAT) and the green fluorescent protein gene (GFP). The T-DNA fragment is restricted by two short specific sequences
named left border (LB) and right border (RB). (B) Optimization of the ATMT method with different parameters of transformation including temperature (22—25 °C) and time
(48—72 h) for co-cultivation, spore concentration (10*~10° spores/ml) and acetosyringone (AS) concentration (100—300 pM/ml). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

3.3. ATMT represents an effective tool for generation of T-DNA
insertion mutants in P. chrysogenum

ATMT has been demonstrated to be efficient for genetic trans-
formation in numerous filamentous fungal species (de Groot et al.,
1998; Idnurm et al., 2017; Michielse et al., 2005). Additionally, this
method was also broadly employed as a tool for construction of
libraries of T-DNA insertion mutants in filamentous fungi. The T-
DNA insertion mutants can be used for identification of target
genes involved in cellular differentiation, metabolic processes or
fungal virulence by thermal asymmetric interlaced PCR (TAIL-PCR),
inverse PCR or next-generation sequencing (NGS) analyses
(Chambers et al., 2014; Maruthachalam et al., 2011; Mullins et al.,
2001; Wang et al.,, 2014). Although ATMT was exploited success-
fully for transformation of P. chrysogenum (de Boer et al., 2013; Sun
et al., 2002), there is no report on its applications in T-DNA inser-
tional mutagenesis in this industrial fungus. Here, by using the
optimized ATMT method we could generate a large number of
transformants in P. chrysogenum (Figs. 1 and 2). Based on the
phenotypic changes of the transformants by the T-DNA insertion
events, we selected three mutants including Pc72-XN, Pc72-T and
Pc72-V for further examinations. All three strains have defects in
their phenotypes, especially in sporulation and pigmentation
(Fig. 3A). Assays of antibiotic production for three mutant strains
and the wild strain indicated that biosynthesis of penicillin in the
fungal strains was increased by cultivation time. At the time point
of 24 h of cultivation, all the tested strains represented no antibiotic
activity against the indicator bacterial strain S. aureus. However, by
the time periods of 48—96 h of cultivation, the supernatants from

three mutants and the wild strain displayed strong activity in
suppression of the growth of S. aureus. Interestingly, we found that
the mutants Pc72-XN and Pc72-T displayed a significant reduction
of antibacterial activity when compared to the wild strain (Fig. 3B).

3.4. Successful construction of the laeA deletion mutant and the
respective complemented strain in P. chrysogenum using the
developed ATMT system

In the filamentous fungus P. chrysogenum, LaeA was reported to
control penicillin biosynthesis and sporulation by using RNA
silencing technology (Kosalkova et al., 2009) or gene knockout via
the PEG-mediated protoplast transformation method based on the
P. chrysogenum APcku70 strain lacking the Pcku70 gene (Hoff et al.,
2010). In this study, we successfully constructed a deletion mutant
of the laeA gene (AlaeA mutant) directly from the wild strain
P. chrysogenum VTCC 31172. The laeA deletion construct harboring
the nourseothricin resistance marker flanked by the 5 and 3’ se-
quences of the laeA gene was used to delete this gene in
P. chrysogenum VTCC 31172 by homologous recombination medi-
ated by ATMT (Figs. S3, 4). Successful deletion of the laeA gene from
the P. chrysogenum VTCC 31172 genome was confirmed with three
specific primer pairs (Table 1). Firstly, all tested transformants
including the wild strain, the AlaeA mutant and two ectopic
transformants were confirmed for the presence of the nourseo-
thricin resistance cassette in their genomes. The respective primer
pair NAT-F/NAT-R amplified a DNA band of 0.97 kb, which confers
the nourseothricin resistance ability, only in the laeA mutant and
ectopic strains. Further confirmations using two other primer pairs
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Transformation plate

PDA

PDA+phleo

Fig. 2. Genetic transformation of P. chrysogenum VTCC 31172 using the optimized ATMT method and a newly constructed binary vector harboring the phleomycin resistance
marker. (A) The transformation plate with phleomycin-resistant transformants. Six randomly selected transformants were cultivated in parallel on PDA and PDA supplemented
with 200 pg/ml of phleomycin (PDA + phleo). The wild strain (WT) was used as control for comparison. (B) The selected transformants were confirmed by PCR using the primer
pairs specific for the phleomycin resistance marker and the DsRed fluorescent reporter gene. Genomic DNA extracted from the wild strain and the binary vector pPK2-Red2 were
used as template for negative control and positive control (+), respectively. (C) Expression of the DsRed gene in the transformants were examined and images were captured with a
fluorescence microscope. The scale bars represent the same sizes of the images. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

(ORF-F/ORF-R, NAT-F/P5), which bind specifically to the laeA locus,
indicated the loss of this gene in the deletion mutant strain
(Fig. 4A—B). Surprisingly, the results revealed that the laeA mutant
could grow normally like the wild strain and the ectopic strains
when cultivated on the rich medium (PDA). However, when culti-
vated on the minimal medium (CDA), growth and spore formation
of the deletion mutant appeared to be remarkably retarded
(Fig. 4C). We further confirmed that the defects in the AlaeA mutant
were recovered by complementation of the mutant with the intact
P. chrysogenum laeA gene using the ATMT system with the phleo-
mycin resistance marker (Fig. S4).

3.5. LaeA controls fungal growth, sporulation, antibiotic production
and osmotic stress response in a nitrogen source-dependent manner

Fungal LaeA regulators have been demonstrated to play
important roles in controlling fungal development and secondary
metabolism in numerous filamentous fungi (Bok and Keller, 2004;
Kumar et al., 2017; Martin, 2017; Sarikaya Bayram et al., 2010). In
P. chrysogenum, LaeA was shown to be required for fungal sporu-
lation and antibiotic production (Hoff et al., 2010; Kosalkova et al.,

2009). However, effects of nutrition sources on these characteristics
of the laeA gene in P. chrysogenum have not been reported so far.
This study revealed that the deletion of laeA in the wild strain
P. chrysogenum VTCC 31172 resulted in the delayed growth of the
fungus only on the minimal CDA medium, but not on the nutrition-
rich PDA medium (Fig. 4C). We examined if nitrogen sources could
influence on the AlaeA mutant. Two common nitrogen sources as
salts of nitrate and ammonium including sodium nitrate (NaNO3),
ammonium sulfate ((NH4);S04), ammonium chloride (NH4Cl), and
ammonium acetate (CH3COONH,4) were examined for their impacts
on the growth and antibiotic production of the laeA mutant. We
found that the growth of the laeA mutant was strongly reduced on
CDA with nitrate as the sole nitrogen source. Conversely, this
mutant could grow almost like the wild strain and the com-
plemented strain on CDA when the nitrogen source was used as
ammonium salts, especially with ammonium acetate (Fig. 5A). In
correlation with the delayed growth, sporulation in the laeA mutant
was significantly decreased in the CDA medium containing nitrate
as the sole nitrogen source. We further compared sporulation of the
laeA mutant grown on the rich-nutrition PDA medium with that on
the minimal CDA medium containing sodium nitrate or ammonium
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Pc72-XN

Pc72-T

Fig. 3. Examination of some selected T-DNA insertion mutants for fungal development and antibiotic production. (A) Morphology of three selected insertion mutants in
comparison to the wild strain (WT). All strains were cultivated on the PDA medium at 28 °C for 3—5 d. Fungal colonies were captured with a digital camera and fungal hyphae were
observed under microscopy. (B) Antibiotic biosynthesis ability of the tested strains. These strains were grown in APM at 28 °C for time intervals of 24—96 h and respective su-
pernatants were collected for testing the antibacterial activity against the indicator bacterium S. aureus.

acetate as the sole nitrogen source, which was referred as CDA
(NaNOs3) and CDA (CH3COONHy), respectively. Our results revealed
that sporulation of the laeA mutant did not occur on CDA (NaNOs)
and significantly reduced on CDA (CH3COONH,) as well as on PDA
at 3 d of cultivation. At the time point of 6 d, the impact of sodium
nitrate on the decrease of sporulation in the AlaeA mutant became
more obvious than that of ammonium acetate (Fig. 5B). The laeA
complementation recovered most of the wild strain-like charac-
teristics in the complementation strain (Figs. S4—S6). However,
sporulation in the complementation strain was a bit delayed on
CDA (NaNOs3) in comparison to the wild strain P. chrysogenum VTCC
31172 (Fig. 5B). It could be that the laeA complementation cassette
was randomly integrated in the genome and its expression was not
good enough for full recovery of sporulation in the complementa-
tion strain.

The influence of the nitrogen sources on penicillin biosynthesis in
the AlaeA mutant was also evaluated. The antibiotic production
medium (APM) was used to promote penicillin production with ex-
change of the above nitrogen sources. The results showed that
P. chrysogenum VTCC 31172 only exhibits high antibacterial activity
when cultivated in APM containing sodium nitrate or ammonium
acetate as the sole nitrogen source. In correlation with the delayed
growth, the AlaeA mutant lost completely the antibiotic production
when grown in the medium containing sodium nitrate. However,
surprisingly this mutant still maintained the antibiotic biosynthesis

ability like the wild strain and the complemented strain when
cultivated in the minimal medium with ammonium acetate. Our
study revealed that among three tested ammonium salts, only
ammonium acetate with acetate anion could improve significantly
antibiotic production in both P. chrysogenum VTCC 31172 and the
AlaeA mutant (Fig. 6A). In fact, acetate had been reported to enhance
penicillin production in P. chrysogenum by promoting fungal primary
metabolism (Jensen et al., 1981). Therefore, we examined if acetate
has an impact on growth and antibiotic production in the AlaeA
mutant. After addition of acetate, the pH values for CDA or APM were
adjusted to 7 or 7.3, respectively. The results showed that additions of
acetate to CDA and APM containing the nitrogen source as ammo-
nium chloride, ammonium sulfate, sodium nitrate/ammonium
chloride or sodium nitrate/ammonium sulfate could recover growth
and antibiotic production in the AlaeA mutant, which were resemble
in the wild strain and the complemented strains. However, addition
of acetate to CDA or APM containing only sodium nitrate as nitrogen
source did not rescue the defects of growth and antibiotic production
in the laeA mutant (Fig. 6B).

Furthermore, we also figured out that carbon sources (glucose,
lactose, maltose, galactose, starch, cellulose, or xylan) did not
impact on the retarded growth of the laeA mutant (Fig. S5), and the
AlaeA mutant became more sensitive to osmotic stresses (sorbitol,
sodium chloride) when grown on the minimal CDA medium con-
taining sodium nitrate than on other media (Fig. S6).
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Fig. 4. Deletion of the laeA gene in P. chrysogenum using the ATMT system. (A) The scheme for laeA deletion by homologous recombination. (B) Confirmation of the AlaeA mutant
using PCR with three specific primer pairs. The wild strain (WT) and the ectopic strains (E1, E2) were used as controls. (C) The fungal strains were cultivated simultaneously on PDA
and CDA for examining morphological changes. Spore suspensions were spotted on the agar surface and the plates were incubated at 28 °C for 3—6 d.

3.6. The conserved laeA orthologous genes from P. digitatum and
A. niger could rescue the defects in the P. chrysogenum A4laeA
mutant

Roles of LaeA regulators in fungal development and secondary
metabolism have been well characterized in different species of
Aspergillus and Penicillium (Bayram et al., 2008; Bok and Keller,
2004; Kumar et al., 2017; Sarikaya-Bayram et al., 2015). However,
little is known about the functional conservation of LaeA orthologs
in two these fungal genera. The LaeA regulator in the industrial
fungus A. niger plays a vital role in citric acid production and sec-
ondary metabolism (Niu et al., 2015; Wang et al., 2018), while po-
tential roles of a putative LaeA ortholog in the postharvest citrus
pathogen P. digitatum has not been reported yet. In this study, we
performed a phylogenetic analysis for some LaeA orthologs
extracted from the GenBank database and showed that the LaeA
orthologs from P. digitatum and A. niger share amino acid similar-
ities of 9514 % and 60.05 % with the LaeA regulator of
P. chrysogenum, respectively (Fig. 7A). We performed successfully

gene complementation in the P. chrysogenum VTCC 31172 AlaeA
mutant by employing newly constructed binary vectors carrying
the phleomycin resistance marker and the expression cassettes for
the laeA orthologous genes from P. digitatum and A. niger (Fig. S7).
The results showed that conserved functions of the laeA genes from
P. digitatum and A. niger could recover the defective features such as
sporulation and antibiotic production for the P. chrysogenum AlaeA
mutant (Fig. 7B—C).

4. Discussion

In 1998, the first paper reported the success of the ATMT
method in filamentous fungi (de Groot et al., 1998). Up to date, this
transformation method has been applied effectively to a large
number of fungal species from different genera (Idnurm et al., 2017;
Michielse et al., 2005). In comparison to the commonly used PMT
method, which requires protoplasts as material for transformation,
the advantages of ATMT are that fungal spores can be used directly
as transformation material and T-DNA of a binary vector tends to be
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Fig. 5. The influence of nitrogen sources on growth and sporulation of the laeA deletion mutant. The wild strain (WT), laeA deletion mutant (AlaeA) and ectopic strains (E1, E2)
were grown on the rich PDA medium and the minimal CDA medium to examine their growth (A). Nitrogen sources were tested for effects on fungal growth (B) and sporulation (C)
of the laeA mutant in comparison to the wild strain and the complemented strain (Comp). These strains were grown on CDA containing one of the nitrogen sources for 3—6 d at
28 °C. The asterisks indicate significant differences from three independent replicates (Student's t-test, p < 0.01).

integrated with a higher rate of a single copy into fungal genome.
This facilitates construction of random mutant libraries for identi-
fication of potential genes responsible for important cellular pro-
cesses in fungi (Kemski et al., 2013; Maruthachalam et al., 2011;
Mullins et al, 2001). In 2002, ATMT was reported for
P. chrysogenum (Sun et al., 2002). However, this method is still less
used for transformation of P. chrysogenum. Until now, there are only
three publications exploited the ATMT method for genetic manip-
ulations of this industrially important fungus (de Boer et al., 2013;
Sun et al., 2002; Wang et al., 2019). Our study aimed to establish a
new ATMT system for facilitating molecular studies on T-DNA
insertion mutagenesis and genetic manipulation in P. chrysogenum.
We first tested the sensitivity of the wild strain P. chrysogenum
VTCC 31172 isolated from fungi-contaminated rice towards three
commonly used antifungal agents including hygromycin, nour-
seothricin and phleomycin. The results showed that only nour-
seothricin and phleomycin could totally inhibit this fungal strain at
the concentrations of 50 ug/ml and 200 pg/ml, respectively (Figs. S1
and S2). By employing the binary vector pGreen3 harboring the
nourseothricin resistance marker, which had been used success-
fully for ATMT in the citrus postharvest pathogen P. digitatum (Vu
et al, 2018), we showed in this study that the ATMT of
P. chrysogenum VTCC 31172 with this binary vector was also very
efficient. Under the optimized conditions for co-cultivation at 22 °C
for 60 h with the concentration of 200 pM of AS, the transformation
efficiency could reach over 5000 transformants per 10° spores
(Fig. 1), which is approximately 2—10 times higher than those of the
previous reports (de Boer et al., 2013; Sun et al., 2002). Additionally,
we recommend that the filter paper (code: FT-3-303-090, Sarto-
rius) and the freshly prepared spore suspension should be used for
the ATMT of P. chrysogenum to obtain the optimal transformation
efficiency. In the previous reports for ATMT in A. oryzae and
P. digitatum, we had indicated that transformation efficiencies of
this method are also reliant on the types of the filter membranes

and fungal strains used for transformation (Nguyen et al., 2017; Vu
et al.,, 2018).

Furthermore, we constructed a new binary vector pPK2-Red2
carrying the phleomycin resistance marker and showed that this
vector works well in P. chrysogenum for heterologous expression of
the DsRed fluorescent reporter gene via the ATMT method (Fig. 2,
S2). Additionally, the fungal transformants generated by our ATMT
system could be used as T-DNA insertion mutants for screening
potential genes involved in fungal development and secondary
metabolism in P. chrysogenum. We selected randomly three trans-
formants (Pc72-XN, Pc72-T, Pc72-V) with phenotypes of distorted
sporulation for evaluation of antibiotic production. The results
showed that changes in morphology in these T-DNA insertion
mutants could also be accompanied with different antibiotic
biosynthesis capacities (Fig. 3). The phenotypic changes and the
penicillin biosynthesis in the mutants might be caused by T-DNA
insertion events into related genes and these potential genes may
be identified by TAIL-PCR, inverse PCR or NGS analyses (Chambers
et al,, 2014; Maruthachalam et al., 2011; Mullins et al., 2001; Wang
et al., 2014). Even some insertion mutants have more than one T-
DNA copy in the genome, disrupted target DNA sequences by T-
DNA insertions may be still identified by Illumina next-generation
sequencing approach (Chambers et al., 2014).

The ATMT system constructed in this study was further
employed for gene deletion and gene complementation in
P. chrysogenum VTCC 31172. We constructed a binary vector for a
successful deletion of the laeA regulatory gene by homologous
recombination in P. chrysogenum using the nourseothricin resis-
tance marker (Figs. S3 and S4). In fungi, LaeA is a master regulator
of various cellular processes including vegetative growth, sporu-
lation, metabolism and environmental stress responses. Especially,
this regulator is well known for its role in biosynthesis of secondary
metabolites such as mycotoxins and antibiotics (Bayram and Braus,
2012; Bok and Keller, 2004; Kumar et al., 2018; Martin, 2017;
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Fig. 6. The influence of nitrogen sources and acetate on antibiotic production in the laeA deletion mutant. The fungal strains were cultivated on CDA or in APM containing
different nitrogen sources without (A) or with (B) additions of acetate (sodium acetate or acetic acid) for examination of fungal growth and antibiotic production, respectively.
Fungal cultivation was performed at 28 °C for 5—7 d. Fungal growth on the agar plates were captured with a digital camera, while culture supernatants were collected by
centrifugation for antibacterial activity assays against the indicator bacterium S. aureus. The asterisks indicate significant differences from three independent replicates (Student's t-

test, p < 0.01).

Wiemann et al., 2010). In P. chrysogenum, LaeA plays a key role in
regulation of sporulation and penicillin production (Hoff et al.,
2010; Kamerewerd et al., 2011; Kosalkova et al., 2009; Veiga
et al., 2012b). In present work, we further indicated that the LaeA
control of sporulation and penicillin production is reliant on the
type of nitrogen sources. To confirm the obtained results, we
brought the intact laeA gene back to the P. chrysogenum VTCC 31172
AlaeA strain using a binary vector harboring the phleomycin
resistance marker and the results showed that the defects caused
by the laeA loss were recovered in the complemented strain (Figs. 4
and 5, S5, S6, S7). Although nitrogen regulation was reported to be
required for secondary metabolism in fungi (Lopez-Berges et al.,
2014; Tudzynski, 2014), it has not been investigated yet in
P. chrysogenum. Our data revealed that nitrate as the sole nitrogen
source displayed a strong impact on growth, sporulation, osmotic

stress response and antibiotic production in the P. chrysogenum
VTCC 31172 AlaeA mutant. In contrast, the nitrogen source as
ammonium salts, especially ammonium acetate, did not show
substantial differences in growth, sporulation, stress response and
penicillin production between the AlaeA mutant and the wild strain
(Figs. 5 and 6, S5, S6). Acetate was reported to enhance penicillin
production by promoting primary metabolism in P. chrysogenum
(Jensen et al., 1981). Our results further indicated that acetate co-
ordinates with nitrogen sources to promote growth, sporulation
and antibiotic biosynthesis in P. chrysogenum VTCC 31172 (Fig. 6).
Taken together, this study revealed that LaeA regulator appears to
be required for assimilation of nitrate, which subsequently controls
fungal development and secondary metabolism in P. chrysogenum.

As previously reported, the global LaeA regulator belongs to the
SAM-dependent methyltransferase family and is conserved for its
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Fig. 7. Complementation of the P. chrysogenum laeA deletion mutant with the laeA orthologous genes from the citrus postharvest pathogen P. digitatum and the industrial
fungus A. niger. (A) Phylogenetic analysis of LaeA (accession number: XP_002561699) from P. chrysogenum and its orthologs from other filamentous fungi. The phylogenetic tree
was constructed with the MEGAG6 software using neighbor-joining method and 1000 bootstrap replicates. The statistical support values at nodes of the tree branches, genetic
distance scale and the respective accession numbers extracted from GenBank are indicated. (B) Assays for growth and antibiotic production of the P. chrysogenum VTCC 31172 AlaeA
mutant expressing the laeA orthologous genes from P. digitatum (AlaeA + PdlaeA) and A. niger (AlaeA + AnlaeA). These cross-complementation strains were cultivated on CDA for
fungal growth or in APM for antibiotic production. To induce the expression of the AnlaeA gene under control of the amyB promoter, glucose in APM was replaced with soluble
starch. Fungal cultivation was maintained at 28 °C for 5—7 d. (C) Analysis of morphological recovery in the cross-complemented strains under microscopy using slide culture
method. The wild strain (WT) and the laeA deletion mutant (AlaeA) of P. chrysogenum were used as positive control and negative control for the comparison, respectively. Fungal
strains were examined at 3 d and 5 d after inoculation. The scale bars indicate the same sizes of images.

function across different filamentous fungi (Bayram and Braus,
2012; Sarikaya-Bayram et al., 2015). The phylogenetic analysis
showed that the P. chrysogenum LaeA shares high similarities of
amino acids (60—95 %) with its orthologs from the citrus post-
harvest pathogen P. digitatum and the industrial fungus A. niger
(Fig. 7A). Our data demonstrated that heterologous expression of
the conserved laeA orthologous genes from P. digitatum and A. niger

could rescue the defects for sporulation and antibiotic production
in the P. chrysogenum VTCC 31172 AlaeA mutant (Fig. 7B—C).
Additionally, some advances in developing small high-yielding
binary vectors for ATMT in plants and fungi have been reported
recently. Small binary vectors usually increase the cloning effi-
ciency and plasmid yield in both E. coli and A. tumefaciens for
transformation (Lee et al., 2012; Nora et al., 2019a,b). Future work
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will focus on improving the constructed ATMT system based on a
smaller binary plasmid backbone to increase its efficiency.

5. Conclusions

In this study, we have constructed a new and highly efficient
ATMT system for genetic manipulation in P. chrysogenum using two
different dominant selection markers conferring the resistance to
nourseothricin and phleomycin. The transformation efficiency of
the constructed ATMT system could reach over 5000 transformants
per 10° fungal spores under the optimized conditions for the co-
cultivation step at 22 °C for 60 h and the concentration of
200 uM of AS in the induction medium. This ATMT system can be
exploited for heterologous gene expression, gene targeting or for
constructing large collections of random mutants by T-DNA inser-
tion mutagenesis. Especially, the developed ATMT system was
employed successfully to inspect the LaeA regulator by gene dele-
tion and gene complementation in a wild strain of P. chrysogenum.
LaeA controls growth, sporulation, osmotic stress response and
antibiotic production in P. chrysogenum, but its function is reliant on
nitrogen sources.

Ethical approval

This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

Conflicts of interest
The authors declare that they have no conflict of interest.
Acknowledgments

The authors are grateful to Vietnam Type Culture Collection -
VTCC (Vietnam National University, Hanoi) for providing the Peni-
cillium chrysogenum VTCC 31172 strain. The authors also thank the
colleagues from the Department of Microbiology (VNU University
of Science, Hanoi) for their technical supports. This research is
funded by Vietnam National Foundation for Science and Technol-
ogy Development (NAFOSTED) under grant number 106.04-
2018.36.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.funbio.2019.08.010.

References

Alshahni, M.M., Makimura, K., Yamada, T., Takatori, K., Sawada, T., 2010. Nourseo-
thricin acetyltransferase: a new dominant selectable marker for the dermato-
phyte Trichophyton mentagrophytes. Med. Mycol. 48, 665—668.

Bayram, O., Braus, G.H., 2012. Coordination of secondary metabolism and devel-
opment in fungi: the velvet family of regulatory proteins. FEMS Microbiol. Rev.
36, 1-24.

Bayram, O., Krappmann, S., Ni, M., Bok, J.W., Helmstaedt, K., Valerius, O., Braus-
Stromeyer, S., Kwon, N.J,, Keller, N.P,, Yu, J.H., Braus, G.H., 2008. VelB/VeA/LaeA
complex coordinates light signal with fungal development and secondary
metabolism. Science 320, 1504—1506.

Bok, J.W., Keller, N.P., 2004. LaeA, a regulator of secondary metabolism in Aspergillus
spp. Eukaryot. Cell 3, 527—-535.

Bos, CJ., Debets, AJ., Swart, K., Huybers, A., Kobus, G., Slakhorst, S.M., 1988. Genetic
analysis and the construction of master strains for assignment of genes to six
linkage groups in Aspergillus niger. Curr. Genet. 14, 437—443.

Cantoral, J.M., Diez, B., Barredo, J.L,, Alvarez, E., Martin, J.F, 1987. High-frequency
transformation of Penicillium chrysogenum. Nat. Biotechnol. 5, 494—497.

Chambers, K., Lowe, R.G., Howlett, BJ., Zander, M., Batley, J., Van de Wouw, A.P.,
Elliott, C.E., 2014. Next-generation genome sequencing can be used to rapidly
characterise sequences flanking T-DNA insertions in random insertional mu-
tants of Leptosphaeria maculans. Fungal Biol. Biotechnol. 1, 10.

Covert, S.F, Kapoor, P, Lee, M.-h., Briley, A., Nairn, CJ., 2001. Agrobacterium tume-
faciens-mediated transformation of Fusarium circinatum. Mycol. Res. 105,
259-264.

de Bekker, C., Wiebenga, A., Aguilar, G., Wosten, H.A., 2009. An enzyme cocktail for
efficient protoplast formation in Aspergillus niger. ]. Microbiol. Methods 76,
305—306.

de Boer, P, Bastiaans, J., Touw, H., Kerkman, R., Bronkhof, J., van den Berg, M.,
Offringa, R., 2010. Highly efficient gene targeting in Penicillium chrysogenum
using the bi-partite approach in 4lig4 or 4ku70 mutants. Fungal Genet. Biol. 47,
839-846.

de Boer, P, Bronkhof, J., Dukik, K., Kerkman, R., Touw, H., van den Berg, M.,
Offringa, R., 2013. Efficient gene targeting in Penicillium chrysogenum using
novel Agrobacterium-mediated transformation approaches. Fungal Genet. Biol.
61, 9-14.

de Groot, M.J., Bundock, P., Hooykaas, PJ., Beijersbergen, A.G., 1998. Agrobacterium
tumefaciens-mediated transformation of filamentous fungi. Nat. Biotechnol. 16,
839—-842.

Guzman-Chavez, F, Zwahlen, R.D., Bovenberg, R.A.L, Driessen, AJ.M., 2018a. Engi-
neering of the filamentous fungus Penicillium chrysogenum as cell factory for
natural products. Front. Microbiol. 9, 2768.

Guzman-Chavez, F, Salo, O., Samol, M., Ries, M., Kuipers, ]., Bovenberg, RA.L.,
Vreeken, R.J., Driessen, A.J.M., 2018b. Deregulation of secondary metabolism in
a histone deacetylase mutant of Penicillium chrysogenum. MicrobiologyOpen 7,
e00598.

Hoff, B., Kamerewerd, ]., Sigl, C., Mitterbauer, R., Zadra, ., Kurnsteiner, H., Kiick, U.,
2010. Two components of a velvet-like complex control hyphal morphogenesis,
conidiophore development, and penicillin biosynthesis in Penicillium chrys-
ogenum. Eukaryot. Cell 9, 1236—1250.

Idnurm, A., Bailey, A.M., Cairns, T.C., Elliott, C.E., Foster, G.D., Ianiri, G., Jeon, ]., 2017.
A silver bullet in a golden age of functional genomics: the impact of Agro-
bacterium-mediated transformation of fungi. Fungal Biol. Biotechnol. 4, 6.

Jami, M.S., Garcia-Estrada, C., Barreiro, C., Cuadrado, A.A., Salehi-Najafabadi, Z.,
Martin, J.F, 2010. The Penicillium chrysogenum extracellular proteome. Con-
version from a food-rotting strain to a versatile cell factory for white biotech-
nology. Mol. Cell. Proteom. 9, 2729—2744.

Janus, D., Hoff, B., Hofmann, E., Kiick, U., 2007. An efficient fungal RNA-silencing
system using the DsRed reporter gene. Appl. Environ. Microbiol. 73, 962—970.

Jensen, E.B., Nielsen, R., Emborg, C., 1981. The influence of acetic acid on penicillin
production. Eur. J. Appl. Microbiol. Biotechnol. 13, 29—-33.

Kamerewerd, J., Zadra, 1., Kurnsteiner, H., Kiick, U., 2011. PcchiB1, encoding a class V
chitinase, is affected by PcVelA and PcLaeA, and is responsible for cell wall
integrity in Penicillium chrysogenum. Microbiology 157, 3036—3048.

Kemski, M.M., Stevens, B., Rappleye, C.A., 2013. Spectrum of T-DNA integrations for
insertional mutagenesis of Histoplasma capsulatum. Fungal Biol. 117, 41-51.
Kopke, K., Hoff, B., Bloemendal, S., Katschorowski, A., Kamerewerd, J., Kiick, U., 2013.
Members of the Penicillium chrysogenum velvet complex play functionally
opposing roles in the regulation of penicillin biosynthesis and conidiation.

Eukaryot. Cell 12, 299—-310.

Kosalkova, K., Garcia-Estrada, C., Ullan, R\V., Godio, R.P, Feltrer, R., Teijeira, F,
Mauriz, E., Martin, J.F, 2009. The global regulator LaeA controls penicillin
biosynthesis, pigmentation and sporulation, but not roquefortine C synthesis in
Penicillium chrysogenum. Biochimie 91, 214—225.

Kumar, D., Barad, S., Chen, Y., Luo, X., Tannous, J., Dubey, A., Glam Matana, N.,
Tian, S., Li, B., Keller, N., Prusky, D., 2017. LaeA regulation of secondary meta-
bolism modulates virulence in Penicillium expansum and is mediated by su-
crose. Mol. Plant Pathol. 18, 1150—1163.

Kumar, D., Tannous, ]., Sionov, E., Keller, N., Prusky, D., 2018. Apple intrinsic factors
modulating the global regulator, LaeA, the patulin gene cluster and patulin
accumulation during fruit colonization by Penicillium expansum. Front. Plant Sci.
9, 1094.

Lee, S, Su, G., Lasserre, E., Aghazadeh, M.A., Murai, N., 2012. Small high-yielding
binary Ti vectors pLSU with co-directional replicons for Agrobacterium tume-
faciens-mediated transformation of higher plants. Plant Sci. 187, 49—58.

Li, D., Tang, Y., Lin, ]., Cai, W., 2017. Methods for genetic transformation of fila-
mentous fungi. Microb. Cell Factories 16, 168.

Liu, H., Zheng, Z., Wang, P, Gong, G., Wang, L., Zhao, G., 2013. Morphological
changes induced by class Il chitin synthase gene silencing could enhance
penicillin production of Penicillium chrysogenum. Appl. Microbiol. Biotechnol.
97, 3363—3372.

Lopez-Berges, M.S., Schafer, K., Hera, C., Di Pietro, A., 2014. Combinatorial function
of velvet and AreA in transcriptional regulation of nitrate utilization and sec-
ondary metabolism. Fungal Genet. Biol. 62, 78—84.

Martin, J.F,, 2017. Key role of LaeA and velvet complex proteins on expression of
beta-lactam and PR-toxin genes in Penicillium chrysogenum: cross-talk regula-
tion of secondary metabolite pathways. J. Ind. Microbiol. Biotechnol. 44,
525-535.

Martins-Santana, L., Nora, L.C.,, Sanches-Medeiros, A., Lovate, G.L., Cassiano, M.H.A.,
Silva-Rocha, R., 2018. Systems and synthetic biology approaches to engineer
fungi for fine chemical production. Front. Bioeng. Biotechnol. 6, 117.

Maruthachalam, K., Klosterman, SJ., Kang, S., Hayes, RJ., Subbarao, K.V., 2011.
Identification of pathogenicity-related genes in the vascular wilt fungus Verti-
cillium dahliae by Agrobacterium tumefaciens-mediated T-DNA insertional
mutagenesis. Mol. Biotechnol. 49, 209—221.

Mattern, LE., Punt, PJ., van den Hondel, C.A., 1988. A vector for Aspergillus trans-
formation conferring phleomycin resistance. Fungal Genet. Rep. 35, 25.



842 TX. Vu et al. / Fungal Biology 123 (2019) 830—842

Michielse, C.B., Hooykaas, PJ., van den Hondel, C.A., Ram, A.F,, 2005. Agrobacterium-
mediated transformation as a tool for functional genomics in fungi. Curr. Genet.
48,1-17.

Mullins, E.D., Chen, X., Romaine, P, Raina, R., Geiser, D.M., Kang, S., 2001. Agro-
bacterium-mediated transformation of Fusarium oxysporum: an efficient tool for
insertional mutagenesis and gene transfer. Phytopathology 91, 173—180.

Nguyen, K.T,, Ho, Q.N., Pham, TH,, Phan, T.N,, Tran, V.T., 2016. The construction and
use of versatile binary vectors carrying pyrG auxotrophic marker and fluores-
cent reporter genes for Agrobacterium-mediated transformation of Aspergillus
oryzae. World J. Microbiol. Biotechnol. 32, 204.

Nguyen, K.T., Ho, Q.N. Do, L, Mai, LTD., Pham, D.N., Tran, H.T.T.,, Le, D.H.,
Nguyen, H.Q., Tran, V.T., 2017. A new and efficient approach for construction of
uridine/uracil auxotrophic mutants in the filamentous fungus Aspergillus oryzae
using Agrobacterium tumefaciens-mediated transformation. World J. Microbiol.
Biotechnol. 33, 107.

Niu, J., Arentshorst, M., Nair, P.D., Dai, Z., Baker, S.E., Frisvad, J.C., Nielsen, K.F.,
Punt, PJ., Ram, A.F, 2015. Identification of a classical mutant in the industrial
host Aspergillus niger by systems genetics: LaeA is required for citric acid pro-
duction and regulates the formation of some secondary metabolites. G3
(Bethesda) 6, 193—204.

Nedvig, C.S., Nielsen, ].B., Kogle, M.E., Mortensen, U.H., 2015. A CRISPR-Cas9 system
for genetic engineering of filamentous fungi. PLoS One 10, e0133085.

Nora, LC, Westmann, CA., Martins-Santana, L, Alves, LE, Monteiro, LM.O,,
Guazzaroni, M.E., Silva-Rocha, R., 2019a. The art of vector engineering: towards
the construction of next-generation genetic tools. Microb. Biotechnol. 12, 125—147.

Nora, L.C,, Gongales, R.A., Martins-Santana, L., Ferreira, B.H., Rodrigues, F., Silva-
Rocha, R., 2019b. Synthetic and minimalist vectors for Agrobacterium tumefa-
ciens-mediated transformation of fungi. Genet. Mol. Biol. 42, 395—398.

Opalinski, L., Kiel, J.A., Homan, T.G., Veenhuis, M., van der Klei, L]., 2010. Penicillium
chrysogenum Pex14/17p — a novel component of the peroxisomal membrane
that is important for penicillin production. FEBS ]. 277, 3203—-3218.

Pohl, C., Kiel, ].A., Driessen, AJ., Bovenberg, R.A., Nygard, Y., 2016. CRISPR/Cas9 based
genome editing of Penicillium chrysogenum. ACS Synth. Biol. 5, 754—764.

Punt, PJ., Oliver, R.P,, Dingemanse, M.A., Pouwels, P.H., van den Hondel, C.A., 1987.
Transformation of Aspergillus based on the hygromycin B resistance marker
from Escherichia coli. Gene 56, 117—124.

Sarikaya-Bayram, O., Bayram, O., Valerius, O., Park, H.S., Irniger, S., Gerke, J., Ni, M.,
Han, K.H., Yu, J.H., Braus, G.H., 2010. LaeA control of velvet family regulatory
proteins for light-dependent development and fungal cell-type specificity. PLoS
Genet. 6, €1001226.

Sarikaya-Bayram, O., Palmer, J.M., Keller, N., Braus, G.H., Bayram, O., 2015. One Juliet
and four Romeos: VeA and its methyltransferases. Front. Microbiol. 6, 1.

Sigl, C., Haas, H., Specht, T., Pfaller, K., Kurnsteiner, H., Zadra, I, 2011. Among
developmental regulators, StuA but not BrlA is essential for penicillin V pro-
duction in Penicillium chrysogenum. Appl. Environ. Microbiol. 77, 972—982.

Sonderegger, C., Galgoczy, L., Garrigues, S., Fizil, A., Borics, A., Manzanares, P,
Hegedus, N., Huber, A., Marcos, J.F, Batta, G., Marx, F, 2016. A Penicillium
chrysogenum-based expression system for the production of small, cysteine-
rich antifungal proteins for structural and functional analyses. Microb. Cell
Factories 15, 192.

Song, R., Zhai, Q., Sun, L., Huang, E., Zhang, Y., Zhy, Y., Guo, Q., Tian, Y., Zhao, B.,
Lu, H., 2019. CRISPR/Cas9 genome editing technology in filamentous fungi:
progress and perspective. Appl. Microbiol. Biotechnol. 103, 6919—6932.

Sun, C.-B., Kong, Q.-L., Xu, W.-S., 2002. Efficient transformation of Penicillium
chrysogenum mediated by Agrobacterium tumefaciens LBA4404 for cloning of
Vitreoscilla hemoglobin gene. Electron. J. Biotechnol. 5, 9-10.

Sun, Y., Niu, Y., He, B., Ma, L,, Li, G., Tran, V.T., Zeng, B., Hu, Z., 2019. A dual selection
marker transformation system using Agrobacterium tumefaciens for the indus-
trial Aspergillus oryzae 3.042. J. Microbiol. Biotechnol. 29, 230—234.

Tran, V.T., Braus-Stromeyer, S.A., Kusch, H., Reusche, M., Kaever, A., Kuhn, A,
Valerius, 0., Landesfeind, M., Asshauer, K., Tech, M., Hoff, K., Pena-Centeno, T.,
Stanke, M., Lipka, V., Braus, G.H., 2014. Verticillium transcription activator of
adhesion Vta2 suppresses microsclerotia formation and is required for systemic
infection of plant roots. New Phytol. 202, 565—581.

Tran, V.T,, Do, T.B.X.L,, Nguyen, T.K., Vu, X.T., Dao, B.N., Nguyen, H.H., 2017. A simple,
efficient and universal method for the extraction of genomic DNA from bacteria,
yeasts, molds and microalgae suitable for PCR-based applications. Vietnam J.
Sci. Technol. Eng. 59, 66—74.

Treangen, TJ., Maybank, RA., Enke, S., Friss, M.B., Diviak, LF, Karaolis, D.K.R,,
Koren, S., Ondov, B., Phillippy, A.M., Bergman, N.H., Rosovitz, M.]., 2014. Com-
plete genome sequence of the quality control strain Staphylococcus aureus
subsp. aureus ATCC 25923. Genome Announc. 2, e01110—e01114.

Tudzynski, B., 2014. Nitrogen regulation of fungal secondary metabolism in fungi.
Front. Microbiol. 5, 656.

van den Berg, M.A. 2010. Functional characterisation of penicillin production
strains. Fungal Biol. Rev. 24, 73—78.

van den Berg, M.A., Albang, R., Albermann, K., Badger, J.H., Daran, .M., Driessen, A].,
Garcia-Estrada, C., Fedorova, N.D., Harris, D.M., Heijne, W.H., Joardar, V.,
Kiel, J.A., Kovalchuk, A., Martin, J.F, Nierman, W.C,, Nijland, J.G., Pronk, ].T.,
Roubos, J.A., van der Klei, LJ., van Peij, N.N., Veenhuis, M., von Dohren, H.,
Wagner, C., Wortman, ], Bovenberg, R.A. 2008. Genome sequencing and
analysis of the filamentous fungus Penicillium chrysogenum. Nat. Biotechnol. 26,
1161-1168.

Veiga, T., Gombert, AK. Landes, N., Verhoeven, M.D., Kiel, J.A., Krikken, A.M.,
Nijland, J.G., Touw, H., Luttik, M.A, van der Toorn, ].C., Driessen, AJ.,
Bovenberg, RA., van den Berg, M.A,, van der Klei, 1], Pronk, ].T., Daran, J.M,,
2012a. Metabolic engineering of beta-oxidation in Penicillium chrysogenum for
improved semi-synthetic cephalosporin biosynthesis. Metab. Eng. 14, 437—448.

Veiga, T., Nijland, J.G., Driessen, A.J., Bovenberg, R.A., Touw, H., van den Berg, M.A.,
Pronk, J.T., Daran, J.M., 2012b. Impact of velvet complex on transcriptome and
penicillin G production in glucose-limited chemostat cultures of a B-lactam
high-producing Penicillium chrysogenum strain. OMICS 16, 320—333.

Vu, TX,, Ngo, T.T,, Mai, LT.D., Bui, T.T., Le, D.H., Bui, H.T.V,, Nguyen, H.Q., Ngo, B.X.,
Tran, V.T., 2018. A highly efficient Agrobacterium tumefaciens-mediated trans-
formation system for the postharvest pathogen Penicillium digitatum using
DsRed and GFP to visualize citrus host colonization. ]. Microbiol. Methods 144,
134—-144.

Wang, D., He, D,, Li, G,, Gao, S., Lv, H,, Shan, Q., Wang, L., 2014. An efficient tool for
random insertional mutagenesis: Agrobacterium tumefaciens-mediated trans-
formation of the filamentous fungus Aspergillus terreus. J. Microbiol. Methods
98, 114—-118.

Wang, B, Lv, Y, Li, X, Lin, Y, Deng, H., Pan, L, 2018. Profiling of secondary
metabolite gene clusters regulated by LaeA in Aspergillus niger FGSC A1279
based on genome sequencing and transcriptome analysis. Res. Microbiol. 169,
67-77.

Wang, G., Zhao, J., Wang, X., Wang, T., Zhuang, Y., Chu, J., Zhang, S., Noorman, H.J.,
2019. Quantitative metabolomics and metabolic flux analysis reveal impact of
altered trehalose metabolism on metabolic phenotypes of Penicillium chrys-
ogenum in aerobic glucose-limited chemostats. Biochem. Eng. J. 146, 41-51.

Weber, S.S., Polli, F, Boer, R., Bovenberg, RA., Driessen, A]., 2012. Increased peni-
cillin production in Penicillium chrysogenum production strains via balanced
overexpression of isopenicillin N acyltransferase. Appl. Environ. Microbiol. 78,
7107—7113.

Wiemann, P, Brown, D.W.,, Kleigrewe, K., Bok, J.W., Keller, N.P., Humpf, H.U,,
Tudzynski, B., 2010. FfVell and FfLael, components of a velvet-like complex in
Fusarium fujikuroi, affect differentiation, secondary metabolism and virulence.
Mol. Microbiol. 77, 972—994.



