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Abstract 12 

Recent sequencing of numerous fungal species revealed large repertoires of putative 13 

biotechnologically relevant genes and secondary metabolite gene clusters. However, often the 14 

commercial potential of these species is impeded by difficulties to predict host physiological and 15 

metabolic compatibility with a given product, and lack of adequate genetic tools. Consequently, 16 

most heterologous production is performed in standard hosts where genetic tools and experience 17 

are in place. However, these species may not be suitable for all products. To increase chances of 18 

successful heterologous production, we have created a flexible platform, DIVERSIFY, for 19 

multispecies heterologous gene expression. This reduces the workload to construction of a single 20 

gene expression cassette, used to transform all DIVERSIFY strains in order to identify the optimal 21 
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cell factory host. As proof of principle of the DIVERSIFY concept, we present the first version of our 22 

platform, DIVERSIFY 1.0, which we have successfully used for the production of three proteins and 23 

a metabolite in four different Aspergilli species, and for the identification of the best producer for 24 

each of the products. Moreover, we show that DIVERSIFY 1.0 is compatible with marker-free gene 25 

targeting induced by the CRISPR nucleases Cas9 and MAD7. 26 

 27 

Keywords 28 
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 30 

Introduction 31 

Filamentous fungi are efficient producers of a wide range of products including industrially 32 

important enzymes, food additives, and medically important secondary metabolites. (1−4) 33 

Importantly, the known secondary metabolites and enzymes constitute a miniscule fraction of what 34 

the fungal kingdom can offer humanity. Hence, fungal genome sequencing projects (5−7) have 35 

uncovered a vast reservoir of orphan genes that potentially may encode novel useful catalysts or 36 

tomorrow’s new drug candidates. There are at least three significant obstacles toward exploiting 37 

the fungal product potential more efficiently. First, a large fraction of the interesting genes is silent 38 
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under laboratory conditions preventing product discovery in the natural host. Second, many fungi 39 

are still not amiable for genetic engineering; and third, many of the natural hosts are incompatible 40 

with economically viable industrial production due to, e.g., complex media requirements, safety 41 

issues, poor growth rates, or poor performance in bioreactors. 42 

A promising strategy to overcome these problems is to express genes of interest (GOIs) 43 

heterologously in another strain, which is better characterized and has well-developed tools for 44 

genetic engineering. Unfortunately, the choice of an alternative production host is not obvious as 45 

production efficiency of each specific compound depends on numerous different parameters of 46 

which many are hard to predict. This includes life-span, nuclear export and translation of the mRNA, 47 

protein folding efficiency, addition of post translation modifications, stability of the new protein, 48 

proper compartmentalization, availability of product precursors, possible cross-chemistry, etc. Due 49 

to the lack of this information, the host choice is most often determined by tradition, as most 50 

laboratories tend to work with one or a few species defined by available toolboxes and in-house 51 

hands-on skills. However, a “one strain fits all” strategy may provide a poor starting point for 52 

production. In the yeast Saccharomyces cerevisiae, we have recently shown that yields of vanillin-53 

β-glucoside production in two well-characterized strain backgrounds varied 10-fold despite that the 54 

new genes were implemented in exactly the same manner. (8) Hence, a better strategy could 55 

therefore be to establish heterologous production systems in a set of cell factories representing 56 

different strains and species, as one of them may provide a metabolism or physiology that better 57 

fits the production of the compound of interest. However, a multispecies strategy is rarely pursued, 58 

perhaps because of the added workload and the requirements of additional species-specific genetic 59 

toolboxes and handling expertise. To reduce this barrier to a minimum, we are developing a gene 60 

expression platform, DIVERSIFY, which facilitates the use of a multispecies strategy in search of an 61 
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optimal cell factory for heterologous production. The basis of the fungal multispecies gene-62 

expression platform DIVERSIFY is a Common Synthetic Gene Integration site, COSI (Figure 1a), which 63 

is incorporated into defined genomic loci in all DIVERSIFY strains. The COSI site contains a reporter 64 

gene flanked by two targeting sequences, A and B. Hence, if DIVERSIFY strains are transformed with 65 

a Gene-Expression Cassette, GEC, flanked by A and B sequences, the GEC will integrate into the COSI 66 

site by homologous recombination replacing the reporter gene. In this way, construction of species-67 

specific gene-targeting substrates is reduced to a minimum, as a single GEC can be integrated into 68 

a defined expression site, which is available in all DIVERSIFY strains. Moreover, the genetic toolbox 69 

is reduced to a single universal CRISPR vector that sets the stage for highly efficient marker-free 70 

integration of the GECs into the COSI sites of the different DIVERSIFY species, and a vector that 71 

facilitates the construction of the GEC. In this report, we present the first version of our platform, 72 

DIVERSIFY 1.0, which includes a set of four DIVERSIFY strains derived from the genus Aspergillus: 73 

the model fungus A. nidulans as well as the industrially relevant fungi A. aculeatus, A. niger, and 74 

A. oryzae. For the convenience of the users, we have made two different CRISPR plasmids to 75 

facilitate integration into COSI sites, one that encodes Cas9 (9) and one that encodes MAD7. (10) 76 

MAD7, also known as ErCas12a, was isolated from Eubacterium rectale and engineered by Inscripta 77 

(Boulder, CO). Similarly to Cpf1 (Cas12a), (11) MAD7 recognizes T-rich PAM sequences (5′-TTTN-3′ 78 

or 5′-CTTN-3′) and does not require trans-activating CRISPR RNA (tracrRNA). To our knowledge, this 79 

is the first use of MAD7 in filamentous fungi for gene editing. To demonstrate the usefulness of the 80 

DIVERSIFY concept, we have compared the potential of the four different species for production of 81 

three proteins: β-glucuronidase, RFP and a cellobiohydrolase, and a secondary metabolite, 6-82 

methylsalicylic acid (6-MSA). 83 

 84 
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Results 85 

Design of the DIVERSIFY Platform 86 

In the presented version of the platform, we have inserted a COSI sequence, COSI-1, into genomic 87 

expression sites of A. aculeatus, A. nidulans, A. niger, and A. oryzae, which, with the exception of 88 

the A. oryzae site, have previously been characterized for expression; (12−14) see Supplementary 89 

Figure S1 for A. oryzae expression site. For all four species, we have used non-homologous end 90 

joining deficient strains to allow for efficient marker-free gene targeting. COSI-1 contains two 500 91 

bp targeting sequences (A1 and B1) originating from Neurospora crassa (see Figure 1a), which we 92 

have previously used as targeting sequences in a gene expression platform in the yeast S. cerevisiae, 93 

(15) and the Escherichia coli uidA reporter gene (16) controlled by A. nidulans gpdA promoter and 94 

trpC terminator. The uidA marker encodes β-glucuronidase (GUS) and serves two purposes. First, 95 

the amounts of β-glucuronidase can be easily quantitated and serve as a reference point to compare 96 

the production from other genes that are inserted into COSI-1 site within the same species. Second, 97 

after CRISPR mediated marker-free GEC insertion into COSI-1, desirable transformants that contain 98 

GEC in COSI-1 can be easily identified in a blue/white screen on solid medium containing X-Gluc (see 99 

Methods). Hence, correctly targeted transformants will be white, whereas incorrectly targeted 100 

transformants will be blue due to β-glucuronidase activity (Figure 1b). Moreover, heterokaryons 101 

where one nucleus contains the GEC and the other does not will be white with blue sectors. 102 

We have constructed two vectors to facilitate construction of GECs that are DIVERSIFY compatible; 103 

see Supplementary Figure S2. The first vector, pDIV068, contains a USER cassette (17) flanked by 104 

A1::PgpdA and B1::TtrpC and is used for insertion of a GOI. The USER cassette can advantageously 105 

be employed for USER cloning based vector assembly, but is also compatible with other systems 106 
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that allows multiple fragments to be seamlessly assembled, e.g., Gibson (18) and In-Fusion (19) 107 

cloning, without need for restriction enzymes and DNA ligase. The second vector, pDIV131, contains 108 

a USER cassette flanked by A1 and B1 and is used for insertion of a GOI that can be equipped with 109 

desirable promoter and terminator fragments in a single USER fusion (17) cloning step. 110 

 111 

 112 

Figure 1. Overview of the DIVERSIFY platform. (a) CRISPR mediated GEC insertion into COSI-1. COSI-113 

1 contains uidA reporter gene placed between A1 and B1 targeting sequences. The site is flanked by 114 

locus-specific targeting sequences (UP and DW). GEC containing GOI is inserted into the locus 115 

through homologous recombination using A1 and B1. (b) Screening for transformants with correctly 116 

inserted GEC. Eight random mutant colonies (M) are selected from each transformation plate and 117 

together with a control strain (C; containing uidA gene) transferred to a medium containing X-Gluc 118 

for a blue/white screen. Colonies with GEC inserted into COSI-1 do not develop blue color. 119 

 120 

Construction and Characterization of DIVERSIFY Strains 121 

COSI-1 sequences were inserted into A. aculeatus, A. niger, A. nidulans, and A. oryzae by Cas9 122 

assisted marker-free gene-targeting. Transformants were readily obtained for all four species; and 123 
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for each species, eight randomly picked transformants were transferred from solid TM medium to 124 

solid MM-X-Gluc medium to detect expression from uidA. This step facilitates blue/white screening 125 

as blue color develops poorly directly on TM medium. As we have described before, our setup for 126 

CRISPR-Cas9 gene targeting works very efficient for A. aculeatus, A. nidulans, A. niger, and 127 

A. oryzae, (20,21) and in agreement with this, almost all colonies obtained with these species 128 

produced blue color (Figure 2a). We noted that some of the colonies had a solid blue appearance, 129 

whereas some formed blue-white sectors indicating that they are heterokaryons, and for that 130 

reason, all strains were purified by isolating spores using dissection microscopy. These purified 131 

strains were validated by droplet digital PCR (ddPCR) (22) for copy number determination, and 132 

diagnostic PCR to confirm the site of integration (see Methods). These analyses demonstrated that 133 

all strains contained a single uidA copy (see Supplementary Figure S3) inserted into the correct 134 

integrations site. 135 

During the visual color screen, we noted that the intensity of blue color produced by the different 136 

species was difficult to compare as it depends on mycelia- and spore density as well as on the color 137 

of the spore pigment. We therefore determined β-glucuronidase levels produced by the four species 138 

in liquid MM medium. Accordingly, after 3 days of cultivation we harvested and lysed mycelia and 139 

performed a fluorometric GUS assay (see Methods) based on conversion of 4-methylumbelliferyl-β-140 

d-glucuronide (4-MUG) to 4-methylumbelliferone (4-MU). (23) As expected, we observed that all 141 

strains containing uidA produced significantly (p < 0.003) more β-glucuronidase activity than the 142 

corresponding reference strains. More interestingly, the amounts of β-glucuronidase varied 2.4-fold 143 

between the strains, Figure 2b. The highest values were produced by A. niger and A. nidulans and 144 

the lowest by A. aculeatus. This characterized set of DIVERSIFY strains was then used for the GEC 145 

insertion experiments described below. 146 
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 147 

 148 

Figure 2. Construction and characterization of DIVERSIFY strains. (a) Screening of DIVERSIFY strains 149 

on MM-X-Gluc media. The reference strain without uidA marker is placed in the middle of each plate 150 

and surrounded by eight colonies randomly picked from transformation plates. Colonies expressing 151 

uidA marker produced blue color on media containing X-Gluc, whereas colonies without the uidA 152 

gene remained white. Colonies with a mixed blue-white mycelium indicate heterokaryons. (b) 153 

Quantitation of β-glucuronidase activity in DIVERSIFY strains. Error bars represent standard 154 

deviation of biological replicates, n = 3. (*) indicates significantly different production (p < 0.05) of 155 

GUS relative to the level obtained with A. nidulans. 156 

 157 

Construction and Characterization of uidA CRISPR-tRNA Vectors  158 

To set the stage for efficient marker-free integration into COSI-1 in the DIVERSIFY strains, we next 159 

developed a universal Af_pyrG-AMA1 based CRISPR-tRNA vectors encoding either Cas9 or MAD7 as 160 

well as a gRNA that robustly targets CRISPR nucleases to the uidA gene in all four species. For Cas9-161 
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encoding vectors, the gRNA is released from a tRNA-gRNA-tRNA transcript encoded by a gene 162 

controlled by the Af_U3-promoter and -terminator using a system we have previously developed. 163 

(21) To identify a protospacer sequence in uidA, which can be efficiently cleaved by a CRISPR 164 

nuclease, we constructed three different CRISPR-tRNA vectors 1, −2, and −3 encoding Cas9 and 165 

three different gRNAs matching uidA at three different PAM sites (Figure 3a). We then evaluated 166 

how efficient each vector stimulated DNA double strand break (DSB) formation in a TAPE (Technique 167 

to Assess Protospacer Efficiency) experiment. (21,24) Accordingly, we transformed all three 168 

plasmids as well as the corresponding empty CRISPR plasmid (pFC330 (20)) individually into the four 169 

DIVERSIFY strains without a repair substrate. With the empty plasmid, transformants were readily 170 

obtained with all four strains, see Figure 3b. In comparison, less or poorly growing transformants 171 

were obtained when the same strains were transformed with the corresponding CRISPR-tRNA 172 

vectors harboring uidA-gRNA genes. These results indicate cell death due to formation of unrepaired 173 

Cas9/uidA-gRNA induced DNA DSBs. The most dramatic effect was achieved with the vector 174 

encoding uidA-gRNA2. In this case, no transformants were obtained with A. nidulans, A. niger, and 175 

A. oryzae. Moreover, despite that many transformants were obtained with A. aculeatus, they all 176 

grew visibly slower than the transformants obtained with the empty CRISPR plasmid. Similarly, a 177 

second set of CRISPR-tRNA vectors encoding the CRISPR nuclease MAD7 was also constructed, and 178 

this set can be used as an alternative to the Cas9 set if desirable. Like for Cas9, three different uidA-179 

gRNAs were tested for efficiency (Supplementary Figure S4). Only one, uidA-gRNA2′, appeared to 180 

cleave uidA efficiently in all species. The Cas9- and MAD7-CRISPR-tRNA vectors, pDIV073 and 181 

pAT3725 (see Supplementary Table S1), based on the selected uidA-gRNAs served as the basis for 182 

marker-free GEC insertion in DIVERSIFY strains, see below. 183 

 184 
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 185 

Figure 3. Construction of Cas9-CRISPR-tRNA vectors expressing uidA-gRNAs. (a) Schematic overview 186 

of the positions of Cas9-gRNA target sites used for creating DSB in the uidA gene. (b) TAPE 187 

experiment in DIVERSIFY strains to determine most efficient uidA-gRNA. All strains were 188 

transformed either with empty Cas9-CRISPR vector (pFC330, control) or Cas9-CRISPR-tRNA vectors 189 

encoding uidA-gRNAs as indicated above the plates. 190 

 191 
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Efficient Integration of mRFP into COSI-1 Sites of Four Different Aspergilli 192 

To test whether a GEC flanked by the targeting sequences A1 and B1 can be efficiently introduced 193 

into the COSI-1 sites of all four DIVERSIFY strains, we constructed a linear GEC containing the model 194 

gene mRFP (25) controlled by the A. nidulans gpdA promoter and trpC terminator. Next, we 195 

cotransformed the four DIVERSIFY strains with the mRFP-GEC and the Cas9-CRISPR-tRNA vector 196 

expressing uidA-gRNA2. Selecting only for the Cas9-CRISPR-tRNA vector, transformants were easily 197 

obtained for each of the four species. Eight random colonies for each species were selected from 198 

the TM transformation plates and transferred to solid MM-X-Gluc medium to screen for 199 

transformants that have lost uidA. Unlike the DIVERSIFY uidA reference strains, almost all of the 200 

tested transformants for all four species did not produce blue color indicating that the mRFP-GEC 201 

has replaced uidA at the COSI-1 sites (Figure 4a). In agreement with this view, all colonies with a 202 

white appearance emitted red light when the plates were exposed to light with a wavelength that 203 

excites RFP, Figure 4a. Moreover, “red” colonies from the four different species were analyzed by 204 

diagnostic PCR reactions and in all cases these results demonstrated that the mRFP-GEC was 205 

correctly inserted into the COSI-1 sites. None of these transformants were heterokaryons as 206 

indicated by the white phenotype. The high marker-free gene replacement efficiency obtained with 207 

all DIVERSIFY strains demonstrates that Cas9/uidA-gRNA2 efficiently cuts the uidA gene in all four 208 

species as predicted by the TAPE tests, see above. 209 

Like with blue color, and for the same reasons, the intensity of the fluorescent signal cannot be 210 

meaningfully assessed by characterizing colonies on solid medium, see above. In a first set of 211 

experiments, we therefore inspected the hyphal tips for all four species by fluorescence microscopy. 212 

This qualitative analysis indicated that A. oryzae produced the highest level of mRFP, whereas 213 

A. niger produced the lowest, see Supplementary Figure S5. Next, we cultivated the mRFP producing 214 
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DIVERSIFY strains in liquid medium to determine mRFP levels more accurately. Specifically, biomass 215 

harvested from 3-day old cultures was analyzed in a fluorometer for emission of red fluorescence, 216 

see Methods. This analysis demonstrated that all strains containing mRFP produced significantly 217 

more red fluorescence than the corresponding reference strains (p ≤ 0.003). Between the four 218 

species, the levels of RFP varied 4.2-fold, and confirmed that the species with the highest and lowest 219 

production levels were A. oryzae and A. niger, respectively. 220 

 221 

 222 

Figure 4. Integration of mRFP into DIVERSIFY platform. (a) Visual inspection of colonies for 223 

development of blue color on MM-X-Gluc medium and production of red fluorescence. The 224 

reference starter strain with uidA marker is placed in the middle of each plate and surrounded by 225 

https://pubs.acs.org/doi/10.1021/acssynbio.0c00587#sec4
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eight colonies randomly picked from transformation plates. (b) Quantitation of mRFP yields in 226 

DIVERSIFY strains. Error bars represent standard deviation of biological replicates, n = 3. (*) and (**) 227 

indicate significantly different production of mRFP (p ≤ 0.002 and p ≤ 0.03) relative to the level 228 

obtained with A. oryzae and A. niger, respectively. 229 

 230 

MAD7-Mediated Integration of GEC into COSI-1 for Enzyme Production  231 

To determine whether MAD7 can stimulate gene targeting in Aspergilli we used the MAD7-CRISPR 232 

vector to insert Rasamsonia emersonii cbh1 gene, which encodes an industrially relevant 233 

cellobiohydrolase (CBH 1A), (26) into COSI-1. To produce a cbh1-GEC, the open reading frame (ORF) 234 

of cbh1 was fused to the TEF1 promoter and the glaA terminator from A. niger (Figure 5a). The linear 235 

cbh1-GEC was individually cotransformed into all four DIVERSIFY strains with MAD7-CRISPR-tRNA 236 

expressing uidA-gRNA2′. Transformants were readily obtained for all species, and in each case 237 

between two and four colonies were transferred to solid MM-X-Gluc medium for blue/white 238 

screening (Supplementary Figure S6). One transformant did not propagate, but the rest formed solid 239 

white colonies indicating correct insertion of cbh1 into COSI-1. To our knowledge, this is the first 240 

successful gene-targeting experiment promoted by MAD7 in filamentous fungi. 241 

The ability of all four cbh1 DIVERSIFY species to produce cellobiohydrolase activity was evaluated. 242 

Specifically, three technical replicates of the selected strains were grown in three independent 243 

experiments for 5 days in liquid YPD medium. At this point, the amounts of secreted CBH 1A in the 244 

individual cultures were quantitated by determining the levels of cellobiohydrolase activity (see 245 

Methods). In this setup, A. aculeatus, A. niger, and A. oryzae produced identical amounts of CBH 1A 246 
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(p ≥ 0.1) and these strains all produced significantly more, around 9-fold (p ≤ 0.0004), CBH 1A than 247 

A. nidulans, see Figure 5b. 248 

 249 

 250 

Figure 5. MAD7-mediated integration of cbh1-GEC into COSI-1. (a) Schematic overview of 251 

experimental setup for marker-free integration of the cbh1 gene into uidA locus induced by CRISPR-252 

MAD7. (b) Quantitation of cellobiohydrolase in four different DIVERSIFY species. Error bars 253 

represent standard deviation of technical replicates, n = 9. (*) indicates significantly different 254 

production of CBH 1A (p ≤ 0.0004) relative to the level obtained with A. nidulans. 255 

 256 

Heterologous Polyketide Production in Four Aspergilli  257 

The model polyketide 6-MSA (27) is produced by a broad range of fungi and serves as the precursor 258 

for several secondary metabolites including the mycotoxin patulin. (28) Two of the Aspergilli in our 259 

DIVERSIFY strain collection contain a gene encoding a 6-MSA polyketide synthase (6-MSAS), acuA 260 

from A. aculeatus (29) and yanA from A. niger. (30) It was therefore interesting to investigate 261 

whether the two species that contain a natural potential of producing 6-MSA are better suited as 262 

cell factories for 6-MSA production as compared to their Aspergilli cousins that do not. To this end, 263 
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we have previously demonstrated that it is possible to produce 6-MSA heterologously in A. nidulans. 264 

(29,30) Moreover, in A. aculeatus and in A. niger we have shown that 6-MSA is converted into 265 

aculins and yanuthone D, respectively, and that 6-MSA does not appear to accumulate in the two 266 

species. Toward construction of 6-MSA cell factories, we first constructed a GEC containing the 6-267 

MSAS gene yanA from A. niger and inserted this construct into the COSI-1 site of all four DIVERSIFY 268 

strains. Next, to ensure a more fair comparison of 6-MSA production in the four species, we deleted 269 

acuB and yanB (for details see Supplementary Figure S7), which encode the enzymes converting 6-270 

MSA into the next intermediates in the aculin and yanuthone D pathways. Note that the cell factory 271 

for 6-MSA production based on A. niger, unlike the other three species, represents homologous 272 

production. 273 

GECs containing 6-MSAS genes are large (9.5 kb) and the possibility existed that the size of the GEC 274 

could reduce marker-free integration efficiency into COSI-1 sites. To address this possibility for all 275 

four species, we transferred eight transformants from each of the TM transformation plates to MM-276 

X-Gluc plates. In agreement with efficient Cas9-mediated gene targeting into COSI-1, all colonies 277 

appeared white (see Supplementary Figure S8). Three COSI-1::yanA strains were purified from each 278 

of the four Aspergilli and subsequent diagnostic PCR analyses demonstrated that the 6-MSAS gene 279 

was correctly integrated into COSI-1. Next, the 12 strains were grown in shake flasks containing MM 280 

medium for 3 days. At this point, the levels of 6-MSA in the supernatants were determined by high-281 

performance liquid chromatography (HPLC) coupled to a diode array detector (DAD), see Figure 6. 282 

We first noticed that 6-MSA production varied significantly between the natural producers as 283 

A. aculeatus (acuBΔ) produced 3.6-fold more 6-MSA than A. niger (yanBΔ). Moreover, and 284 

surprisingly, the highest yield was obtained with the non-natural 6-MSA producer A. oryzae. In fact, 285 

A. oryzae produced 1.5- and 5.4-fold more 6-MSA as compared to A. aculeatus and A. niger, 286 

javascript:void(0);
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.0c00587#fig6
https://pubs.acs.org/doi/10.1021/acssynbio.0c00587#fig6
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respectively. The fact that A. niger is the least efficient producer of 6-MSA is not due to biomass 287 

variation between the different species in the experiments, see Supplementary Figure S9. 288 

 289 

 290 

Figure 6. Quantitation of 6-MSA levels in DIVERSIFY strains. A. aculeatus and A. niger strains contain 291 

yanA in COSI-1 site and have acuB and yanB genes deleted, respectively. Error bars represent 292 

standard deviation of biological replicates, n = 3. (*) and (**) indicate significantly different 293 

production of 6-MSA (p ≤ 0.01 and p ≤ 0.0007) relative to the level obtained with A. oryzae and 294 

A. aculeatus, respectively. 295 

 296 

Discussion 297 

We hypothesized that yields of a given product may vary significantly between different filamentous 298 

fungal hosts. We have therefore designed and tested a new platform for heterologous production, 299 

DIVERSIFY 1.0, where the same GEC construct can be easily inserted into four different Aspergillus 300 

species. Using the DIVERSIFY 1.0 platform, we have tested the ability of the four Aspergilli to 301 

produce four different products, a cytoplasmic enzyme, a cytoplasmic protein, a secreted enzyme, 302 

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
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and a secondary metabolite. In agreement with our hypothesis, the yields for all product types 303 

varied tremendously between species ranging from 2.4-fold for β-glucuronidase to 9-fold for 304 

cellobiohydrolase production. These results clearly demonstrate that significant production 305 

advantages can be achieved by testing several hosts. Moreover, we envision that swift identification 306 

of a host with a high starting titer will serve as a superior starting point for construction of an 307 

economically viable cell factory as it promises to reduce time-demanding and labor-intensive 308 

optimization. 309 

The interspecies yield differences observed in our study cannot be solely explained by superior 310 

utilization of the promoter-terminator pair in one species, since no species was best at producing 311 

all four products. In this context, it is important to stress that A. nidulans did not benefit sufficiently 312 

from being the source of the promoter and terminator pair to top the yield list for production of 313 

GUS, mRFP, and 6-MSA. Similarly, A. niger was not a superior producer of cellobiohydrolase despite 314 

that cbh1 was controlled by a promoter and a terminator derived from this species. In fact, the 315 

highest yields were obtained with the three industrial workhorses A. aculeatus (cellobiohydrolase), 316 

A. niger (β-glucuronidase), and A. oryzae (mRFP and 6-MSA). On the other hand, we also found that 317 

A. niger was the poorest producer of mRFP with a yield, which is more than 4.2-fold lower than the 318 

yield obtained with A. oryzae, a result that demonstrates that host choice is not a trivial task. This 319 

conclusion becomes even more apparent in the case of 6-MSA production. Impressively, A. oryzae 320 

produces higher yields as compared to the yields obtained with A. aculeatus and A. niger despite 321 

that the latter two species are natural producers of 6-MSA and contain two 6-MSAS gene copies, 322 

the native 6-MSAS gene and the gene copy inserted into COSI-1. Interestingly, in a previous study 323 

on production of yanuthones from 6-MSA in A. niger, (30) we did not observe accumulation of 6-324 

MSA in a yanBΔ strain, which contains only the native copy of the 6-MSAS gene at the endogenous 325 
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locus. Hence, if 6-MSA is not entering the yanuthone pathway its fate is unclear. Perhaps it may be 326 

rapidly degraded or converted into other compound(s), or it may be incorporated into insoluble 327 

material like the cell wall. Together, these results demonstrate the importance of choosing the 328 

proper host for heterologous production. Moreover, they show that even a natural host, in this case 329 

A. niger, which should be an obvious first choice for production of 6-MSA, appears to require 330 

obscure genetic engineering to succeed as an efficient cell factory for 6-MSA production. We note 331 

that, unlike 6-MSA, most secondary metabolites have complex structures, which depend on multiple 332 

genes encoding at least a synthase and a set of tailoring enzymes. Our setup can also be used for 333 

the insertion of multiple genes into the same COSI site using existing methods where several DNA 334 

fragments are joined in vivo by homologous recombination to establish the relevant gene cluster. 335 

(31−34) 336 

The current version of the DIVERSIFY platform is solely composed by species from the genus 337 

Aspergillus. It is easy to envision that other more distantly related fungi, or fungi isolated from a 338 

unique environment, may provide a metabolism or a physiology that complements the species in 339 

the present collections. Similarly, it could be interesting to include yeasts in the setup. We are 340 

therefore currently planning to expand the DIVERSIFY platform to include species belonging to other 341 

genera. 342 

 343 

Methods 344 

Strains and Media 345 

All plasmids were propagated in E. coli strain DH5α using as a growth medium solid (2% agar) or 346 

liquid Luria broth (LB) medium supplemented with 100 μg/mL ampicillin. 347 

javascript:void(0);
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The Aspergillus strains used and constructed in this study are summarized in Supplementary Table 348 

S2. All strains were cultivated in liquid or on solid (2% agar) minimal medium (MM) (1% glucose, 1× 349 

nitrate salt solution, (35) 0.001% Thiamine, 1× trace metal solution (36)), supplemented with 10 mM 350 

uridine (Uri), 10 mM uracil (Ura), and/or 4 mM l-arginine (Arg) when required. For blue/white 351 

screening, solid MM medium was additionally supplemented with 0.115 mM X-Gluc (Thermo Fisher 352 

Scientific). Transformation medium (TM) for all fungal transformations was prepared as MM 353 

medium, except for glucose, which was replaced with 1 M sucrose. 354 

For cultivation of cbh1 strains, Yeast extract-Peptone-Dextrose (YPD) medium was used (10 g/L of 355 

yeast extract, 20 g/L of peptone and 20 g/L of glucose) supplemented with 20 mM Uri and 4 mM 356 

Arg. 357 

 358 

PCR and Plasmid Construction 359 

All PCR reactions were performed in 35 cycles using proof-reading Phusion U polymerase (Thermo 360 

Fisher Scientific) following the instructions of the supplier. Standard reactions comprised 25 μL 361 

Phusion U Hot Start PCR Master Mix, 0.5 μM primers (Integrated DNA Technologies, IDT), 20–30 ng 362 

DNA template and Milli-Q water to reach the final volume of 50 μL. All primer sequences are listed 363 

in Supplementary Table S3. All PCR fragments were purified using Illustra GFX PCR DNA and Gel 364 

Band Purification Kit (Merck). 365 

Plasmids were assembled by USER cloning (17) and are listed in Supplementary Table S1. Cas9-366 

CRISPR-tRNA vectors were constructed as described before, (21) and MAD7-CRISPR-tRNA were 367 

constructed with NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs) using plasmid 368 

backbone pAT2447 (see Supplementary Figure S10) and single-stranded oligonucleotides carrying 369 

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
javascript:void(0);
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
javascript:void(0);
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
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protospacer sequences. For oligonucleotides and protospacers see Supplementary Table S4 and S5, 370 

respectively. Plasmids pDIV067, pDIV068 (Supplementary Figure S2), pDIV083, pDIV084, and 371 

pDIV459 were assembled using pU2002A (12) as a backbone. Plasmid pDIV131 (Supplementary 372 

Figure S2) was derived from plasmid pDIV068 by PCR amplification with PR_DIV424 and PR_DIV425 373 

primers and subsequent circularization via USER cloning. All plasmids were purified using GenElute 374 

Plasmid Miniprep Kit (Merck). 375 

Vectors for gene targeting were linearized prior to transformation either by PCR amplifying GEC as 376 

described above, or by digestion with NotI enzyme (New England Biolabs), followed in both cases 377 

by purification on a column using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). 378 

 379 

Fungal Transformation, Dissection Microscopy and Strain Validation 380 

Protoplasts were generated according to the method presented by Nielsen et al. (31) 381 

Transformation and diagnostic PCR for strain validation were performed as described by Vanegas et 382 

al. (38) For each transformation, 0.5 μg of CRISPR-tRNA vector was used either alone (as a control) 383 

or together with 1 μg of oligonucleotide (IDT; for list see Supplementary Table S4) or linearized gene-384 

targeting substrate. All transformation plates were incubated at 30 °C, except for A. nidulans 385 

transformations, which were incubated at 37 °C. To purify transformants, single spores were picked 386 

up using capillary needle under microscope and separated on MM plates (with necessary 387 

supplements). To validate correct deletion of the ku70 gene in A. oryzae, and deletions of acuB and 388 

yanB in A. aculeatus and A. niger, respectively, diagnostic PCR was performed with primer pair that 389 

binds outside the upstream and downstream targeting regions. The correct insertions of GOIs were 390 

confirmed by two diagnostic PCR reactions using one primer pair that binds outside the downstream 391 

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
javascript:void(0);
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
javascript:void(0);
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targeting region and inside the inserted construct, and another pair that binds inside upstream and 392 

downstream targeting regions. 393 

 394 

Inoculum Preparation and Shake Flask Cultivations 395 

All strains were propagated on MM+Arg+Ura+Uri plates for 7 days at 30 °C (37 °C for A. nidulans 396 

strains). The spores were harvested with 5 mL of 0.9% NaCl, filtered through Miracloth (Merck 397 

Millipore), spun down at 8000g for 2 min and resuspended in 0.9% NaCl. The spore concentration 398 

was determined using Burker-Turk counting chamber. 399 

Cultivations for quantitation of GUS, mRFP and 6-MSA were performed in 500 mL shake flasks. Spore 400 

suspensions were inoculated into 100 mL liquid MM+Arg+Ura+Uri media to a final concentration of 401 

106 spores/mL. All strains were incubated for 72 h at 30 °C with 150 rpm agitation. 402 

For cellobiohydrolase activity determination, 50 mL Nunc containers with loose lids were used for 403 

cultivations. Spore suspensions were inoculated into 10 mL YPD+Uri+Arg media to a final 404 

concentration of 0.2 × 106 spores/mL. Strains were incubated for 5 days at 30 °C with 150 rpm 405 

agitation. 406 

 407 

Dry Weight Determination 408 

For dry weight analysis, 0.45 μm PES filters (Frisenette) were first predried in a microwave oven at 409 

150 W for 20 min, kept in desiccator for minimum 1 h, and weighed. The filters were subsequently 410 

placed in a vacuum filtration pump and 5 mL of culture broth was added followed by washing with 411 
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the distilled water. The filters were folded and dried in the microwave oven at 150 W for 20 min, 412 

kept in desiccator for minimum 1 h and weighed. 413 

 414 

Fluorometric GUS Assay  415 

For protein extraction, 1 mL of culture broth was filtered through Miracloth (Merck Millipore). 100 416 

mg of biomass was transferred to a 2 mL Eppendorf tube and frozen using liquid nitrogen. 417 

Subsequently, one steel bead (5 mm; Qiagen) was added to each tube and the samples were 418 

homogenized in TissueLyser LT (Qiagen) for 1 min at 45 Hz. 500 μL of GUS extraction buffer (23) was 419 

added, followed by homogenization for 2 min at 45 Hz. Samples were centrifuged for 2 min at 420 

10 000g at 4 °C, the liquid phase was collected and centrifuged once more for 15 min. Supernatant 421 

was stored in −80 °C. The total protein concentration was determined by standard Bradford assay. 422 

(37) 423 

The β-glucuronidase activity was determined according to the standard method (23) with slight 424 

modifications. 100 μL of substrate solution (4-MUG; Merck) was mixed with 50 μL of GUS extraction 425 

buffer and preheated for 2 min at 37 °C. Next, 50 μL of 20 μg/mL protein extract was added and 426 

such reaction assays were incubated for 15 min at 37 °C. Afterward, 100 μL of samples from reaction 427 

assays were withdrew, moved to the vials with 2 mL of stop solution, (23) mixed and transferred 428 

into black 96-well microplate with a flat, transparent bottom (μClear; Greiner Bio-One). Plate with 429 

the samples was kept in the dark for 2–3 min prior to analysis to eliminate background 430 

luminescence. Fluorescence intensity was then measured on SpectraMax iD3 microplate reader 431 

(Molecular Devices) with excitation at 365 nm and emission at 455 nm. Quantitation was performed 432 

using five-level external calibration curve for 4-MU (Merck) with concentrations from 10 to 100 nM. 433 

javascript:void(0);
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The β-glucuronidase activity was normalized to total protein concentration and dry weight. 434 

Statistical data analysis was performed using two-tailed t-test with equal variances assumption and 435 

confidence interval of 95%. 436 

 437 

RFP Quantitation 438 

For determination of RFP yields, triplicate samples of 1 mL culture broth were transferred into a 48-439 

well FlowerPlate (MTP-48-B; m2p-laboratories), and the fluorescence intensity was acquired using 440 

BioLector II (m2p-laboratories) with a mCherry filter (E-OP-419). RFP intensities were normalized to 441 

dry weight. Statistical data analysis was performed in the same manner as for GUS quantitation. 442 

 443 

Fluorescence Photography and Microscopy  444 

Solid media plates were examined for red fluorescence using the setup described by Vanegas et al. 445 

(38) with the adjustment of the exposure time to 0.25 s. 446 

Glass slides with 0.5 mL solid MM (and necessary supplements) were inoculated with spores of COSI-447 

1::mRFP strains. Slides were incubated in Petri dishes at 30 °C overnight. Fluorophores were 448 

visualized with 100× objective using an Axioimager M1 microscope, equipped for epifluorescence 449 

with a 100-W HBO lamp and filter set 43 (excitation at 550 nm). Images were acquired using an 450 

AxioCam MRm version 3 FireWire monochrome camera and the AxioVision software, version 4.5 451 

(Carl Zeiss, Oberkochen, Germany). Exposure time used was 0.5 s. 452 

 453 

Determination of Cellobiohydrolase Activity 454 

javascript:void(0);
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Cellobiohydrolase activity assay was performed in 96-well 350 μL polystyrene, black assay plates 455 

(Porvair Sciences). First, 20 μL of supernatant samples from each culture broth were diluted in assay 456 

buffer (50 mM sodium acetate with 1% triton X-100, pH 5.0) if necessary and added to the assay 457 

plate. The substrate solution was prepared by dissolving 4-methylumbelliferyl β-d-lactopyranoside 458 

(4-MUL; Merck) in DMSO to a stock concentration of 50 g/L. Next, it was diluted in assay buffer to a 459 

working concentration of 0.1 g/L. The assay was initiated by addition of 140 μL of 4-MUL substrate 460 

solution to each well to be measured. Plate was incubated at ambient temperature for 20 min 461 

before measuring end point fluorescence (360 Ex/465 Em) in a Spark 10 M plate reader (Tecan). 462 

Quantitation was performed using eight-level external calibration curve for CBH 1A (Novozymes A/S 463 

in-house standard) with concentrations from 0 to 0.3 g/L. Statistical data analysis was performed in 464 

the same manner as for GUS quantitation. 465 

 466 

HPLC Method for 6-MSA Quantification 467 

Samples for 6-MSA quantitation were prepared by filtering 200 μL of culture broth through a 0.45-468 

μm PTFE syringe filter. The supernatant was analyzed using Agilent 1100 HPLC system (Agilent 469 

Technologies) coupled to an Agilent 1100 diode array detector. Separation was achieved using a 470 

Poroshell 120 Phenyl-Hexyl column (2.1 mm × 100 mm, 2.7 μm; Agilent Technologies). Two eluents 471 

were utilized in separation: Eluent A, Milli-Q H2O with 50 ppm trifluoroacetic acid (TFA), and Eluent 472 

B, HPLC grade acetonitrile with 50 ppm TFA. Gradient elution was performed as follows: 15% eluent 473 

B held for 0.5 min, increase to 65% over 5.5 min, increase to 100% eluent B over 1 min, held at 100% 474 

for 1.5 min. A constant flow rate of 500 μL/min was used, as well as a constant column temperature 475 

of 60 °C. An injection volume of 1 μL was used. Integration of analytes were undertaken at a 476 
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wavelength of 240 nm at a width of 4 nm. Quantitation was performed using eight-level external 477 

calibration curve for 6-MSA (Acros Organics) with concentrations from 1 to 300 mg/L. 6-MSA yields 478 

were normalized to dry weight. Statistical data analysis was performed in the same manner as for 479 

GUS quantitation. 480 

 481 

Copy Number Determination 482 

For gDNA extraction from fungal strains FastDNA SPIN Kit for Soil (MP Biomedicals, USA) was used 483 

following the manufacturer’s instructions. All A. niger strains were cultivated in 15 mL liquid MM 484 

(with necessary supplements) for 48 h at 30 °C with 150 rpm agitation, and subsequently, the 485 

biomass was harvested using Miracloth (Merck Millipore). For the rest of the strains the biomass 486 

was harvested from solid MM (with necessary supplements) plates. 487 

The ddPCR was performed according to manufacturer’s instructions for ddPCR Supermix for Probes 488 

(No dUTP) (BioRad, Cat#1863023). DNA digestion was done as recommended using HaeIII 489 

endonuclease. Primers and probes were from IDT; see Supplementary Table S3 and S6, respectively. 490 

Target gene probe was designed using IDT PrimeTime qPCR Probes online tool as 5′ 6-491 

FAM/Zen/3′Iowa Black FQ double quenched probes. Reference gene probes were designed and 492 

labeled with 5′ HEX/Zen/3′IB FQ. The reaction mixes were incubated at RT for 30 min prior to droplet 493 

generation using BioRad Automated Droplet Generator. PCR was performed on the droplets 494 

following the recommended thermal cycling conditions. The droplets were subsequently analyzed 495 

using BioRad QX200 Droplet Digital PCR System and copy numbers were calculated using the BioRad 496 

QuantaSoft analysis software, version 1.7.4.0917. 497 

 498 

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00587/suppl_file/sb0c00587_si_001.pdf
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Supporting Information 499 

Supplementary figures demonstrating (1) construction of A. oryzae strain, (2) plasmid maps for 500 

pDIV068 and pDIV131, (3) ddPCR results, (4) TAPE results for MAD7/uidA-gRNA, (5) fluorescence 501 

microscopy results, (6) pictures of COSI-1::cbh1 strains on X-gluc media, (7) construction of A. niger 502 

and A. aculeatus strains, (8) pictures of COSI-1::yanA strains on X-gluc media, (9) titers of 6-MSA, 503 

(10) plasmid map for pAT2447; Supplementary tables listing (1) plasmids, (2) strains, (3) primers, (4) 504 

oligonucleotides, (5) protospacers, (6) probes for ddPCR. 505 

 506 

Abbreviations 507 

6-MSA – 6-methylsalicylic acid 508 

COSI site – common synthetic gene integration site 509 

CRISPR – clustered regularly interspaced short palindromic repeat  510 

DSB – double-strand break 511 

GEC – gene-expression cassette 512 

GOI – gene of interest 513 

GUS – β-glucuronidase 514 

TAPE – technique to assess protospacer efficiency  515 

 516 

Author Contribution 517 



27 
 

ZDJ, FHK and UHM conceived the study. ZDJ, JKHR, NP, VRV and MLN designed and performed the 518 

experiments, and analyzed the data. ZDJ, CSN, TS and UHM wrote the paper. All authors read and 519 

approved the final manuscript. 520 

 521 

Acknowledgment 522 

We thank Aaron John Christian Andersen for help with 6-MSA quantification, Tim Jensen for 523 

assistance in fluorescence microscopy, Regitse Bergen and Jannie Felskov Agersten for help with 524 

extracting gDNA for the GUS strains, and Simon Richter Krarup and Kasper Stadel Nielsen for their 525 

work on A. aculeatus acuBΔ mutant. This work has been supported by Innovation Fund Denmark, 526 

Grant no. 6150-00031B.9, and by the Novo Nordisk Foundation, Grant NNF14OC0011309 to UHM. 527 

 528 

References 529 

1. Hoffmeister, D., and Keller, N. P. (2007) Natural products of filamentous fungi: Enzymes, genes, 530 

and their regulation. Nat. Prod. Rep. 24, 393–416. 531 

2. Archer, D. B. (2000) Filamentous fungi as microbial cell factories for food use. Curr. Opin. 532 

Biotechnol. 11, 478–483. 533 

3. Adrio, J. L., and Demain, A. L. (2003) Fungal biotechnology. Int. Microbiol. 6, 191–199. 534 

4. Meyer, V., Andersen, M. R., Brakhage, A. A., Braus, G. H., Caddick, M. X., Cairns, T. C., de Vries, 535 

R. P., Haarmann, T., Hansen, K., Hertz-Fowler, C., et al. (2016) Current challenges of research on 536 

filamentous fungi in relation to human welfare and a sustainable bio-economy: a white paper. 537 

Fungal Biol. Biotechnol. 3, 1–17. 538 



28 
 

5. Grigoriev, I. V., Nikitin, R., Haridas, S., Kuo, A., Ohm, R., Otillar, R., Riley, R., Salamov, A., Zhao, X., 539 

Korzeniewski, F., et al. (2014) MycoCosm portal: Gearing up for 1000 fungal genomes. Nucleic 540 

Acids Res. 42, 699–704. 541 

6. de Vries, R. P., Riley, R., Wiebenga, A., Aguilar-Osorio, G., Amillis, S., Uchima, C. A., Anderluh, G., 542 

Asadollahi, M., Askin, M., Barry, K., et al. (2017) Comparative genomics reveals high biological 543 

diversity and specific adaptations in the industrially and medically important fungal genus 544 

Aspergillus. Genome Biol. 18, 1–45. 545 

7. Nielsen, J. C., Grijseels, S., Prigent, S., Ji, B., Dainat, J., Nielsen, K. F., Frisvad, J. C., Workman, M., 546 

and Nielsen, J. (2017) Global analysis of biosynthetic gene clusters reveals vast potential of 547 

secondary metabolite production in Penicillium species. Nat. Microbiol. 2, 17044. 548 

8. Strucko, T., Magdenoska, O., and Mortensen, U. H. (2015) Benchmarking two commonly used 549 

Saccharomyces cerevisiae strains for heterologous vanillin-β-glucoside production. Metab. Eng. 550 

Commun. 2, 99–108. 551 

9. Sander, J. D., and Joung, J. K. (2014) CRISPR-Cas systems for editing, regulating and targeting 552 

genomes. Nat. Biotechnol. Nature Publishing Group. 553 

10. The MAD7TM Nuclease | Inscripta. Retrieved September 2, 2020, from 554 

https://www.inscripta.com/technology/madzymes-nucleases. 555 

11. Makarova, K. S., Zhang, F., and Koonin, E. V. (2017) SnapShot: Class 2 CRISPR-Cas systems. Cell 556 

168, 328-328.e1. 557 

12. Hansen, B. G., Salomonsen, B., Nielsen, M. T., Nielsen, J. B., Hansen, N. B., Nielsen, K. F., 558 

Regueira, T. B., Nielsen, J., Patil, K. R., and Mortensen, U. H. (2011) Versatile enzyme expression 559 



29 
 

and characterization system for Aspergillus nidulans, with the Penicillium brevicompactum 560 

polyketide synthase gene from the mycophenolic acid gene cluster as a test case. Appl. Environ. 561 

Microbiol. 77, 3044–3051. 562 

13. Wolff, P. B., Nielsen, M. L., Slot, J. C., Andersen, L. N., Petersen, L. M., Isbrandt, T., Holm, D. K., 563 

Mortensen, U. H., Nødvig, C. S., Larsen, T. O., et al. (2020) Acurin A, a novel hybrid compound, 564 

biosynthesized by individually translated PKS- and NRPS-encoding genes in Aspergillus aculeatus. 565 

Fungal Genet. Biol. 139, 103378. 566 

14. Holm, D. K. (2013) Development and Implementation of Novel Genetic Tools for Investigation 567 

of Fungal Secondary Metabolism. Technical University of Denmark. 568 

15. Strucko, T., Buron, L. D., Jarczynska, Z. D., Nødvig, C. S., Mølgaard, L., Halkier, B. A., and 569 

Mortensen, U. H. (2017) CASCADE, a platform for controlled gene amplification for high, tunable 570 

and selection-free gene expression in yeast. Sci. Rep. 7, 1–12. 571 

16. Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987) GUS fusions: beta-glucuronidase as a 572 

sensitive and versatile gene fusion marker in higher plants. EMBO J. 6, 3901–3907. 573 

17. Nour-Eldin, H. H., Geu-Flores, F., and Halkier, B. A. (2010) USER Cloning and USER Fusion: The 574 

ideal cloning techniques for small and big laboratories. Methods Mol. Biol. 643, 185–200. 575 

18. Gibson, D. G., Young, L., Chuang, R.-Y., Craig Venter, J., Hutchison III, C. A., and Smith, H. O. 576 

(2009) Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods 6, 577 

343–347. 578 

19. Zhu, B., Cai, G., Hall, E. O., and Freeman, G. J. (2007) In-FusionTM assembly: Seamless 579 

engineering of multidomain fusion proteins, modular vectors, and mutations. Biotechniques 43, 580 



30 
 

354–359. 581 

20. Nødvig, C. S., Nielsen, J. B., Kogle, M. E., and Mortensen, U. H. (2015) A CRISPR-Cas9 system for 582 

genetic engineering of filamentous fungi. PLoS One 10, 1–18. 583 

21. Nødvig, C. S., Hoof, J. B., Kogle, M. E., Jarczynska, Z. D., Lehmbeck, J., Klitgaard, D. K., and 584 

Mortensen, U. H. (2018) Efficient oligo nucleotide mediated CRISPR-Cas9 gene editing in Aspergilli. 585 

Fungal Genet. Biol. 115, 78–89. 586 

22. Hindson, B. J., Ness, K. D., Masquelier, D. A., Belgrader, P., Heredia, N. J., Makarewicz, A. J., 587 

Bright, I. J., Lucero, M. Y., Hiddessen, A. L., Legler, T. C., et al. (2011) High-throughput droplet 588 

digital PCR system for absolute quantitation of DNA copy number. Anal. Chem. 83, 8604–8610. 589 

23. Jefferson, R. A. (1987) Assaying chimeric genes in plants: The GUS gene fusion system. Plant 590 

Mol. Biol. Report. 5, 387–405. 591 

24. Vanegas, K. G., Lehka, B. J., and Mortensen, U. H. (2017) SWITCH: a dynamic CRISPR tool for 592 

genome engineering and metabolic pathway control for cell factory construction in Saccharomyces 593 

cerevisiae. Microb. Cell Fact. 16. 594 

25. Campbell, R. E., Tour, O., Palmer, A. E., Steinbach, P. A., Baird, G. S., Zacharias, D. A., and Tsien, 595 

R. Y. (2002) A monomeric red fluorescent protein. Proc. Natl. Acad. Sci. U. S. A. 99, 7877–7882. 596 

26. Grassick, A., Murray, P. G., Thompson, R., Collins, C. M., Byrnes, L., Birrane, G., Higgins, T. M., 597 

and Tuohy, M. G. (2004) Three-dimensional structure of a thermostable native cellobiohydrolase, 598 

CBH IB, and molecular characterization of the cel7 gene from the filamentous fungus, Talaromyces 599 

emersonii. Eur. J. Biochem. 271, 4495–4506. 600 

27. Wattanachaisaereekul, S., Lantz, A. E., Nielsen, M. L., and Nielsen, J. (2008) Production of the 601 



31 
 

polyketide 6-MSA in yeast engineered for increased malonyl-CoA supply. Metab. Eng. 10, 246–602 

254. 603 

28. Beck, J., Ripka, S., Siegner, A., Schiltz, E., and Schweizer, E. (1990) The multifunctional 6‐604 

methylsalicylic acid synthase gene of Penicillium patulum. Its gene structure relative to that of 605 

other polyketide synthases. Eur. J. Biochem. 192, 487–498. 606 

29. Petersen, L. M., Holm, D. K., Gotfredsen, C. H., Mortensen, U. H., and Larsen, T. O. (2015) 607 

Investigation of a 6-MSA Synthase Gene Cluster in Aspergillus aculeatus Reveals 6-MSA-derived 608 

Aculinic Acid, Aculins A-B and Epi-Aculin A. ChemBioChem 16, 2200–2204. 609 

30. Holm, D. K., Petersen, L. M., Klitgaard, A., Knudsen, P. B., Jarczynska, Z. D., Nielsen, K. F., 610 

Gotfredsen, C. H., Larsen, T. O., and Mortensen, U. H. (2014) Molecular and chemical 611 

characterization of the biosynthesis of the 6-MSA-derived meroterpenoid yanuthone D in 612 

Aspergillus niger. Chem. Biol. 21, 519–529. 613 

31. Nielsen, M. L., Albertsen, L., Lettier, G., Nielsen, J. B., and Mortensen, U. H. (2006) Efficient 614 

PCR-based gene targeting with a recyclable marker for Aspergillus nidulans. Fungal Genet. Biol. 43, 615 

54–64. 616 

32. Nielsen, M. T., Nielsen, J. B., Anyaogu, D. C., Holm, D. K., Nielsen, K. F., Larsen, T. O., and 617 

Mortensen, U. H. (2013) Heterologous reconstitution of the intact geodin gene cluster in 618 

Aspergillus nidulans through a simple and versatile PCR based approach. PLoS One 8, e72871. 619 

33. Chiang, Y. M., Oakley, C. E., Ahuja, M., Entwistle, R., Schultz, A., Chang, S. L., Sung, C. T., Wang, 620 

C. C. C., and Oakley, B. R. (2013) An efficient system for heterologous expression of secondary 621 

metabolite genes in Aspergillus nidulans. J. Am. Chem. Soc. 135, 7720–7731. 622 



32 
 

34. Reus, E., Nielsen, M. R., and Frandsen, R. J. N. (2019) Metabolic and regulatory insights from 623 

the experimental horizontal gene transfer of the aurofusarin and bikaverin gene clusters to 624 

Aspergillus nidulans. Mol. Microbiol. 112, 1684–1700. 625 

35. Kaminskyj, S. G. W. (2001) Fundamentals of growth, storage, genetics and microscopy of 626 

Aspergillus nidulans. Fungal Genet. Newsl. 25–31. 627 

36. Cove, D. J. (1966) The induction and repression of nitrate reductase in the fungus Aspergillus 628 

nidulans. Biochim. Biophys. Acta - Enzymol. Biol. Oxid. 113, 51–56. 629 

37. Bradford, M. M. (1976) A rapid and sensitive method for the quantitation of microgram 630 

quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. 631 

38. Vanegas, K. G., Jarczynska, Z. D., Strucko, T., and Mortensen, U. H. (2019) Cpf1 enables fast and 632 

efficient genome editing in Aspergilli. Fungal Biol. Biotechnol. 6. 633 

 634 


