
Mol Gen Genet (1989) 218:99-104 
© Springer-Verlag 1989 

The development of a homologous transformation system 
for Aspergillus oryzne 
based on the nitrate assimilation pathway: 
A convenient and general selection system 
for filamentous fungal transformation 
Shiela E. Unkles l, Edward I. Campbell 1, Yolanda M.J.T. de Ruiter-Jacobs z, Martien Broekhuijsen 2, 
Janet A. Macro 1, Dirk Carrez 3, Roland Contreras 3, Cees A.M.J.J.  van den Hondel 2, and James R. Kinghorn 1,, 
1 Plant Molecular Genetics Unit, Sir Harold Mitchell Building, University of St. Andrews, St. Andrews, Fife KY16, Scotland 
2 TNO Medical Biological Laboratory, PO. Box 45, NL-2280AA Rijswijk, The Netherlands 
3 Laboratorium voor Molculaire Biologic, K.L. Ledeganckstraat 35, State University of Gent, B-9000 Gent, Belgium 

Summary. The development of an efficient and homologous 
transformation system for Aspergillus oryzae is described. 
This is based on nitrate reductase (niaD) of the nitrate as- 
similation pathway. The niaD system offers a number of 
inherent advantages over many other systems and may be 
of general use for nitrate-utilising filamentous fungi. Trans- 
formation frequencies of up to 800 transformants per mi- 
crogram DNA are observed with A. oryzae. The preponder- 
ance of integration events take place at the resident niaD 
locus either by gene conversion (41%), single integration 
(23%) or multiple tandem integration (36%). Heterologous 
expression of the A. oryzae niaD gene in the filamentous 
fungi A. nidulans, A. niger and Penicillium chrysogenum is 
observed. That heterologous putative niaD hybridisation 
signals are seen with other fungal DNAs affords the oppor- 
tunity to isolate the corresponding niaD from various fungi 
in order to develop homolgous transformation. Co-trans- 
formation with the introduction of the non-selected markers 
pyrG, tub-2, and uidA has been achieved. 
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Introduction 

The filamentous fungus Aspergillus oryzae is an important 
industrial organism for the commercial production of orien- 
tal fermented foods (Hesseltine 1983) including miso, sak6 
and soya sauce, as well as extracellular enzymes such as 
a-amylase and proteases. The food fermentation industry 
is considerable and, although mainly based in the Orient, 
such processes are beginning to be carried out in the West- 
ern Hemisphere. The commercial production of extracellu- 
lar enzymes is enormous in the West. Indeed, the first pro- 
cess describing the production of A. oryzae enzymes for 
starch hydrolysis was patented in 1894. Since A. oryzae 
secretes proteins at high levels, its future potential as a 
host for the secretion of foreign protein, including mamma- 
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lian proteins is evident. Moreover, the World Health Or- 
ganisation regards A. oryzae as one of the few filamentous 
fungi which is acceptable, from a health standpoint, for 
such commercial purposes (World Health Organisation Re- 
port 1987). 

The availability of molecular genetic technology offers 
the possibility of new routes to strain improvement. Re- 
cently gene mediated transformation systems (a pre-requi- 
site for recombinant DNA techniques) have been developed 
for A. oryzae. These include A. niger pyrG (Mattern et al. 
1987), A. nidulans argB (Hahm and Batt 1988), as well as 
A. oryzae met (Iimura et al. 1987). The frequencies of trans- 
formation in these systems are relatively low (5-20 transfor- 
mants per microgram DNA) compared with transformation 
systems in the related fungus A. nidulans (Ballance and 
Turner 1985 ; Hynes 1986; Johnstone 1985; Tilburn et al. 
1983; Yelton et al. 1984). 

We have attempted to assess the suitability of the nitrate 
assimilation pathway for the development of transforma- 
tion systems in filamentous fungi. This system offers many 
inherent advantages. First, mutants may be easily obtained 
by positive selection via resistance to chlorate. Second, that 
this can be done by spontaneous means, reduces the possi- 
bility of secondary mutations arising in genes of commercial 
interest or in genes encoding essential catalytic steps. Third, 
the desired mutants have a simple growth phenotype, i.e. 
inability to utilise nitrate as sole nitrogen source (see below). 
Fourth, the pathway is dispensable and therefore mutations 
in the nitrate pathway should not alter growth or metabolic 
fluxes through important pathways. Fifth, most filamen- 
tous fungi will utilise nitrate as a sole nitrogen source. 

The catalytic steps and genes (for reviews see Arst 1984; 
Cove 1979; Arst and Scazzocchio 1989; Kinghorn 1989) 
involved in the related fungus A. nidulans and many other 
fungi (for a review see Unkles 1989) are shown in Fig. 1. 
Mutants defective in the structural gene niaD for the nitrate 
reductase apoprotein (EC 1.6.6.8) but not nitrite reductase 
(niiA) can be obtained on the basis of their resistance to 
chlorate. In addition mutations resulting in chlorate resis- 
tance can occur in a series of genes, such as the transport 
gene crnA and genes cnxA J required for the biosynthesis 
of a molybdenum co-factor which is necessary for nitrate 
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Fig. l. The catalytic conversion of nitrate to ammonium. Extracel- 
lular nitrate is transported into the cell by a permease encoded 
by the ernA gene, converted to nitrite by the action of nitrate 
reductase encoded by niaD, and finally converted to ammonium 
by nitrite reductase, the niiA gene product. The nirA, areA and 
cnxA genes are discussed in the text 

reductase as well as xanthine dehydrogenase activity. Chlor- 
ate resistant mutants can also be obtained as a result of 
mutation within nirA and areA, positive-acting control 
genes for the system. Fortuitously, niaD mutants can be 
differentiated from crnA, cnxA-J, nirA, and areA mutants 
on the basis of simple growth tests. 

We describe here the isolation of niaD mutants, the 
isolation of the A. oryzae niaD gene and the suitability 
of the system for transformation. 

Materials and methods 

Strains, media and plasmids. Escherichia coli strain DH5 
or JM109 was used for construction, propagation and am- 
plification of hybrid plasmids (Frischauf et al. 1983; Mania- 
tiset al. 1982). The E. coli strains NM538 and NM539 were 
used for construction (Frischauf et al. 1983; Maniatis et al. 
1982) of the A. oryzae gene library. The A. oryzae wild-type 
strain IMI144242 (=ATCC91002, s-amylase over-produc- 
ing strain) was used for selection of recipient mutants. A. 
oryzae strain A04.1 which is an niaD14 pyrG1 double mu- 
tant derived from IMI-144242 (Mattern et al. 1987), was 
used for pyrG co-transformation experiments. The A. nidu- 
lans niaDlO deletion mutant strain used for heterologous 
transformation experiments was that isolated and described 
by Tomsett and Cove (1979). Standard media for cultiva- 
tion of bacteria and fungi were as described in Maniatis 
et al. (1982) and Cove (1966), respectively. Plasmid pSTA8 
containing the A. nidulans niaD gene (Johnstone et al. 1989) 
was used as source for probes for the A. oryzae gene equiva- 
lent. Plasmid vector pNOM102 containing the A. nidulans 
gpd-E, coli uidA fusion gene was constructed by Roberts 
et al. (1989). pBT3 containing the Neurospora crassa tub-2 
gene which confers benomyl resistance was reported by Or- 
bach et al. (1986). pA04-2 harbouring the A. oryzae pyrG 
gene was isolated by de Ruiter-Jacobs et al. (1989). 

Isolation of  niaD mutants. Nitrate assimilation defective 
spontaneous mutants were obtained by positive selection 
for resistance to chlorate (Cove 1979). Spores (~  10 9) w e r e  
harvested in 10 ml saline containing 0.08% Tween 80. Ali- 
quots (0.2 ml) were spread out on minimal medium contain- 
ing 470 mM chlorate with 10 mM glutamate as the sole 
source of nitrogen. 

DNA isolation and manipulation. Isolation of chromosomal 
DNA from wild-type A. oryzae and transformants was by 
the method of Tilburn et al. (1983). Standard recombinant 
DNA techniques were used for the cloning and character- 
isation of the niaD gene and for analysis of transformants 
(Johnstone et al. 1989). Construction and amplification of 
the gene bank of A. oryzae wild-type strain (IMI44242) 
was as described previously (Van Hartingsveldt et al. 1987). 
A primary library of 98000 plaques, representing 40-50 
copies of the genome, was obtained. 

DNA hybridisation conditions. Following conventional 
Southern blotting (Maniatis et al. 1982) on to nylon mem- 
branes (Hybond-N, Amersham), hybridisations were per- 
formed in plastic sandwich boxes containing 2-3 ml prehy- 
bridisation/hybridisation solution per square centimetre. 
This solution contained 5 x SSPE, 6% PEG 6000 (BDH 
Chemicals, Poole, UK) 0.5% skimmed milk (Marvel, Cad- 
bury, UK) 0.1% NagP207, 1% SDS and 250~tg/ml 
sheared, boiled herring sperm DNA. After prehybridisation 
for 4-5 h, probe was added and hybridisation continued 
overnight. For low or high stringency, hybridisation and 
washing temperatures were 54 ° or 65 ° C respectively. Mem- 
branes were washed in 5 x SSC, 0.1% SDS, 0.1% Na4P2Ov 
for low stringency or 0.2 x SSC, 0.1% SDS, 0.1% Na4P207 
for high stringency. 

Protoplast preparation and transformation. A. oryzae myce- 
lial cells grown at 30 ° C for 12 h were collected and resus- 
pended in lysis buffer (0.8 M MgSO4, 10 mM PO4, pH 5.8). 
Novozyme 234 (batch number PPM2715; Novo Biolabs, 
Denmark) was added to a concentration of 5 mg/ml, the 
mixture incubated at 30 ° C for 45 min with gentle shaking 
and centrifuged at 3000 rpm for 10 rain. Four volumes of 
1.2 M sorbitol, 50 mM CaC12, 10 mM TRIS, pH 7.5 was 
added to the supernatant and the solution centrifuged at 
2000 rpm for 5 rain. Pelleted protoplasts were washed 3 
times in 1.2 M sorbitol, 50 mM CaC12, 10 mM TRIS, 
pH 7.5 and finally resuspended in the above buffer at a 
concentration of 1-2 x 10 7 protoplasts in 100 ~tl. To this 
suspension, 1-5 ~tg plasmid DNA was added together with 
12.5 txl 50% w/v PEG 4000, 50 mM CaC12, 10 mM TRIS, 
pH 7.5 and allowed to stand on ice for 20 rain. This suspen- 
sion was plunged into 1 ml of the PEG solution, mixed 
for a couple of seconds before diluting out the effect of 
the PEG with 2 ml of the sorbitol solution. The suspension 
was added to transformation selection medium (minimal 
medium containing 1.2 M sorbitol and 10 mM nitrate as 
sole nitrogen source) cooled to 45 ° C. The plates were incu- 
bated at 30 ° C for up to 5 days. Control protoplasts were 
treated as above but without addition of DNA. Protoplast 
viability was tested by suspending protoplasts in non-selec- 
tive medium. Viability was usually about 10%. 

Results 

Generation ofniaD mutants 

It was found that spontaneous chlorate resistant A. oryzae 
mutants arose at a frequency of 1 in 10 6 viable spores. 
In all 73 mutant chlorate resistant strains were isolated and 
further purified on chlorate-containing minimal medium 
with glutamate as the sole source of nitrogen. The ability 
of these mutants to grow on nitrate, nitrite, ammonium, 
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Nitrogen source" 

Nitrate Nitrite Hypoxanthine Glutamate Ammonium 

Putative b mutation Observed number 

_ c + + + + niaD 11 
+ + + + + crnA 6 
- + -- + + cnx 28 
-- -- + + + nirA 28 
. . . .  + areA 0 

a Nitrogen sources at a concentration of 10 mM 
b Denotes loss-of-function mutations 
c + denotes wild-type growth whilst - denotes no growth 

hypoxanthine, proline or glutamate as sole nitrogen source 
was assessed. Eleven had a phenotype indicative of  nitrate 
reductase structural mutants (niaD), i.e. they failed to grow 
with nitrate but grew on the other nitrogen sources (Ta- 
ble 1). It was found on testing three putative niaD mutants 
for reversion to nitrate prototrophy,  that one allele, namely 
niaD14, showed a reversion frequency of  less than 1 in 
107 viable spores and hence this strain, designated A01.1, 
was considered to be a suitable stable recipient for transfor- 
mation experiments. Strain A01.1 was used to make an 
niaD14 pyrGl  double mutant  (designated strain A04.1) for 
co-transformation experiments with pyrG (Mattern et al. 
1987). 

Non-reverting niaD mutants of  A. niger (derived from 
wild-type strain ATCC10864) and Penicillium chrysogenum 
(from wild-type strain V899) were isolated using the same 
approach. [Mutants in niaD of  P. chrysogenum industrial 
strains have been reported previously by Birkett and Row- 
lands (1981) but were not  made available.] Chlorate resis- 
tant mutation frequencies were observed for A. niger and 
P. chrysogenum similar to that for A. oryzae as was the 
frequency of  niaD, cnx and nirA growth phenotypes. 

Isolation and characterisation o f  the A. oryzae niaD gene 

A 2.3 kb XbaI fragment containing the A. nidulans niaD 
nitrate reductase structural gene was hybridised against var- 
ions genomic D N A s  digested with EcoRI.  Unique bands 
of  2.8, 2.5 and 6 kb were observed with A. niger, A. oryzae 
and P. chrysogenum respectively (Fig. 2). F rom an A. oryzae 
library of  40000 plaques hybridised with the A. nidulans 
2.3 kb J(baI fragment 17 positive clones were identified. 
Two of  these (2STA51 and 2STA62) were purified further. 
Both contained SalI fragments (5.5 kb and 8.2 kb respec- 
tively) which hybridised strongly to the A. nidulans niaD 
probe and these overlapping fragments were subcloned into 
pUC18 to give plasmids pSTAI 3 and pSTA14 respectively. 
Only pSTA14 (Fig. 3) was capable of  phenotypic rescue 
of  the A. oryzae niaD14 mutant  to nitrate utilisation and 
so it was assumed that pSTA14, but not pSTAI3,  did in 
fact contain the entire structural niaD gene. Radiolabelled 
XbaI-digested pSTA14 was hybridised to a Southern blot 
of  wild-type A. oryzae D N A  cut with enzymes which cleave 
the recombinant clone. Identical bands were observed using 
either pSTAI4  or the XbaI fragment of  A. nidulans niaD 
(data not  shown). This showed positive identification of  
the clone. No  evidence for rearrangements of  the clone se- 
quences in pSTA14 (by comparison with wild-type genomic 

Fig. 2A and B. Heterologous hybridisation of the Aspergillus nidu- 
lans niaD gene. A Genomic DNA from (1) A. niger, (2) A. oryzae 
and (3) Penicillium chrysogenurn was digested with EcoRI and frag- 
ments separated on 0.8% agarose. B Following transfer to nylon, 
the blot was probed with a 2.3 kb 3/p-labelled XbaI fragment con- 
taining the A. nidulans niaD gene. Hybridisation was at low strin- 
gency (54 ° C, washed once with 5 x SSC). The positions of)~HindIII 
molecular size markers are indicated 

sequences) was detected (Fig. 4). In this regard the expected 
internal fragments, 2.5 and 1.8 kb BamHI,  2.5 kb EcoRI  
and 4.2 kb BglII, were observed. 

Homologous transformation 

Transformation of  A. oryzae niaD14 with circular pSTA14 
gave an average of  64 transformants per microgram D N A  
(Table 2). The background growth with nitrate as sole ni- 
trogen source, was extremely poor  and no abortive transfor- 
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Fig. 3. Restriction map of pSTA14 containing the Aspergillus ory- 
zae nitrate reductase. The map was determined by single and dou- 
ble digestions using the enzymes indicated. Vector sequences are 
not included. No sites were found for enzymes BscI, PstI, SmaI, 
XbaI, or XmaI. The approximate position of the niaD gene within 
pSTA14 is indicated by the solid bar. The start of the niaD gene 
was determined by hybridisation to an extreme 5" A. nidulans niaD 
fragment. The arrow indicates the direction of transcription as 
judged by hybridisation to a 3' A. nidulans niaD probe (data not 
shown). Hybridisation experiments were carried out at 54°C fol- 
lowed by washing in 5 x SSC 

Table 2. Transformation of Aspergillus oryzae niaD14 with the ho- 
mologous niaD gene a 

Plasmid Form Frequencies b Average 

pSTA14 Circular c 64, 77, 51, 67 64 
pSTAa4 Linear a 236, 406, 386, 789 455 

a A. oryzae strain A01.1 (niaD14) 
b Number of transformants per microgram DNA. These represent 
results from four independent experiments 

Uncut plasmid 
a Plasmid digested with HindIII 

Fig. 4. Back hybridisation of pSTA14 to Southern blots containing 
digested genomic DNA. Aspergillus oryzae genomic DNA was di- 
gested with (1) EcoRI, (2) PstI, (3) BamHI and (4) BglII. Following 
electrophoresis and Southern blotting, hybridisation was carried 
out using PstI-digested pSTA14 as probe at 65°C with washes 
to 0.2 x SSC. The positions of HindIII molecular size markers are 
indicated 

mants  were observed (Fig. 5). Some t ransformants  initially 
grew slower than the others but  did  in fact catch up and 
develop into mature  colonies. Transformat ion  levels in- 
creased to an average of  455 t ransformants  per  microgram 
D N A  when pSTA14 was cleaved with HindI I I  (Fig. 3). 
Other  fungal research groups have likewise observed in- 
creases in fungal t ransformat ion  frequencies using linear- 
ised plasmid molecules depending on the posi t ion of  the 
site of  cleavage (Dhawale and Marz lu f  1985; Skat rud  et al. 
1987; Wang  et al. 1988). 

To determine the types of  integrat ion events that  took  
place using uncut  pSTA14, chromosomal  D N A  of  22 ni- 
trate-uti l ising t ransformants  was analysed by Southern 
blot t ing followed by hybridisat ion using bacterial  or  A. ory- 
zae niaD sequences as probes.  Chromosomal  D N A  was 
cleaved with Pst I  which does not  cut the recombinant  clone, 
but  does have a site in the polyl inker  (Fig. 3). The expected 
genomic Pst I  fragment  is 9.7 kb (Fig. 4). In  summary,  three 
types of  hybr idisa t ion profile were observed, representative 
examples of  which are shown in Fig. 6. First ,  nine t ransfor-  
mants,  such as TO27, lacked p U C  sequences and had  an 
niaD-hybridis ing Ps t I  band  o f  approximate ly  9.7 kb which 
was indist inguishable from the recipient band  (or the wild 
type, not  shown). Such t ransformants  were most  likely a 

Fig. 5A-D. Appearance of control and transformed niaD14 cells 
on nitrate and ammonium. A Untransformed cells on the non- 
selective nitrogen source, ammonium; B untransformed cells on 
nitrate; C and D cells transformed with circular pSTA14 on nitrate 

result of  a gene conversion event. A second group exempli- 
fied by TO24 (five t ransformants)  showed a single band  
of  12.0 kb hybridising to p U C  while the resident niaD band 
was replaced by two other bands of  12.0 kb and 8.9 kb. 
I t  would seem that  a single pSTA14 copy had integrated 
into the resident niaD site. Third,  eight t ransformants ,  simi- 
lar to TO26, were seen where the resident niaD band  was 



Fig. 6A and B. Analysis of transformants. Genomic DNA from 
three representative transformants and the recipient strain A01.I 
was digested with PstI and fragments separated on 0.8% agarose. 
After transfer to nylon, the blot was probed first with a s2p-la- 
belled, 5.5 kb HindlII fragment of pSTA14 (A). Following boiling 
twice for 10 min in distilled water containing 1% SDS, the blot 
was probed again with pUC18 (B) Hybridisation was carried out 
at 65 ° C with washes down to 0.2 x SSC. The positions of 2HindIII 
molecular size markers are indicated 

Table 3. Co-transformation frequencies in nitrate-utilising transfor- 
mants 

System a Co-transformation frequency (%) 

pyrG b 4 
uidA c.d 9 
tub-2 o.e 6 

" For selection procedure, see Materials and methods. Screening 
for uracil auxotrophs was carried out on minimal medium lacking 
a pyrimidine 
b Strain A04.1 (niaD14 pyrGl) used 
c Strain A01.1 (niaD14) used 

Screening for co-transfbrmants with fl-glucuronidase activity was 
carried out on minimal medium containing 10 mM nitrate plus 
20 gg/ml X-glucuronide 

Screening for benomyl resistant transformants was carried out 
at 1 gg/ml, a concentration which inhibits untransformed strains 

replaced by three bands, border fragments of  12.0 kb and 
8.9 kb as well as the band representing the unit length of  
pSTA14 (11.0 kb), indicating that more than one copy of  
pSTA14 had integrated in tandem at the niaD locus. No  
examples were seen of  integration into a non-homologous 
site. 

Heterologous transformation 

Uncut  pSTA14, containing the A. oryzae niaD gene, was 
introduced into stable niaD mutants of  A. nidulans 
(niaDlO), A. niger (niaD5) and P. chrysogenum (niaD19). 
The presence of  functional copies of  A. oryzae niaD was 
shown by phenotypic rescue of  niaD non-reverting mutants 
of  these fungi after heterologous transformation. Nitrate- 
utilising colonies of  A. nidulans, A. niger and P. chryso- 
genum appeared at frequencies of  10, 43 and 2 transfor- 
mants per microgram D N A  respectively. Southern blots 
with vector pUC as probe showed that such transformants 
contained integrated bacterial sequences. 

103 

Co-transformation 

The suitability of  introducing unselectable markers into A. 
oryzae was assessed using the A. oryzae pyrG gene for repair 
of  uracil auxotrophy (de Ruiter-Jacobs et al. 1989), uidA 
for fl-glucuronidase (Roberts et al. 1989) and N. crassa tub- 
2 for benomyl resistance (Orbach et al. 1986) (Table 3). Co- 
transformation of  all three genes was obtained as judged 
by phenotypic expression. Surprisingly perhaps, co-trans- 
formation frequencies were found to be rather low in all 
cases compared with, for example, the pyrG system in A. 
oryzae where using pyrG as the selectable marker, co-trans- 
formation frequencies were around 25% (de Ruiter-Jacobs 
et al. 1989). 

Discussion 

We have described an efficient homologous transformation 
based on the niaD system for Aspergillus oryzae, a filamen- 
tous fungus of  considerable biotechnological interest. The 
level o f  transformation can approach 800 transformants 
per microgram DNA.  Such events are single or multiple 
integrations and occur at the resident site. That  the prepon- 
derance of  integration events are single or low copy number 
at the natural site makes subsequent analysis and interpre- 
tation easier. Unlike certain other fungal transformation 
systems (Mattern et al. 1987; Hahm and Batt 1988; Iimura 
et al. 1987; Ballance and Turner 1985; Hynes 1986; John- 
stone 1985), transformation with niaD results in a clean 
background with the complete absence of  abortive transfor- 
mants. We have also shown that it is possible to introduce 
non-selectable genes in to A. oryzae by co-transformation 
with niaD. 

The nitrate system may be of  general use for developing 
transformation in filamentous fungi for the following rea- 
sons. Nitrate reductase mutants have been generated and 
are available in a number of  filamentous fungi (Unkles 
1989) other than the well-characterised A. nidulans (Arst 
1984; Cove 1979; Arst and Scazzocchio 1989; Kinghorn 
1989). I f  not  already available in other fungi of  interest, 
it is straightforward to obtain niaD mutants. Indeed we 
easily generated niaD mutants in A. oryzae, A. niger and 
P. ehrysogenum - without recourse to mutagenesis. More- 
over, the rapid screening of  chlorate resistant strains on 
the nitrogen sources described here conveniently and rapid- 
ly assigns mutants to gene loci. Large numbers of  niaD 
mutants can be isolated, one of  which at least is likely to 
be a stable deletion mutant  strain suitable for transforma- 
tion. Furthermore, we detected cross-hybridisation between 
A. nidulans, and A. niger, A. oryzae and P. chrysogenum 
niaD genes. At  present these putative niaD genes are being 
used as the basis of  a homologous system in these organisms 
and for heterologous transformation of  other filamentous 
fungi that utilise nitrate. Finally, as the A. oryzae niaD 
gene is functionally expressed in three other fungi, A. nidu- 
lans, A. niger and P. chrysogenum, it may be possible that 
the nitrate system could be used as a universal transforma- 
tion selection system for nitrate-assimilating fungi. 
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Note  added in proof  

A study was made of the integration events in eight transformants 
obtained using HindIII digested pSTA14. Analysis of Southern 
blots showed the presence of a single 9.7 Kb niaD-hybridising PstI 
band in all transformants and no pUC-hybridising sequences. This 
indicates that as expected, transformation with HindIII-cleaved 
pSTA14 results only in gene replacements and eliminates bacterial 
sequences. 


