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ABSTRACT 

The importance of the metabolic route of nitrogen in the fungus Penicillium rubens (strain 

PO212) is studied in relation to its biocontrol activity (BA). PO212 can resist a high 

concentration of chlorate anion and displays a classical nitrate-deficiency (nit-) phenotype 

resulting in poor colonial growth when nitrate is used as the main source of nitrogen. 

Analyses of genes implicated in nitrate assimilation evidenced the strong sequence 

conservation of PO212 and CH8 genome with penicillin producers such as reference strain 
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P. rubens Wisconsin 54-1255, P2niaD18 and Pc3, however also revealed the presence of 

mutations. PO212 carries a mutation in the gene coding for zinc-binuclear cluster 

transcription factor NirA that specifically mediates the regulation of genes involved in nitrate 

assimilation. The nirA1 mutation causes an early stop of NirA factor, losing 66% of its 

sequence. The NirA1 mutant form is unable to mediate a nitrate-dependent regulation of 

nitrate and nitrite reductase coding genes. In this study, we study another isolate, CH8, with 

potential BA and nit- phenotype. A mutation in the nitrate permease coding gene crnA was 

found in CH8. An insertion of a guanine in the coding sequence cause a frameshift in CrnA 

with the loss of the last two transmembrane domains. Analysis of PO212 and CH8 isolates 

and complementation strains show the importance of NirA regulator in maintaining correct 

transcriptional levels of nitrate and nitrite reductases and suggest CrnA as the main nitrate 

transporter. the presence of alternative transporter for chlorate and the existence of a 

mechanism for preventing nitrite derived toxicity in Penicillum. BA of PO212 is partially 

altered when nirA1 mutation was complemented. This result and the finding of CH8, a novel 

biocontrol P. rubens strain with a nit- phenotype, suggest that nitrogen metabolism is a 

component of biocontrol capacity.  

1. Introduction 

In natural ecosystems, plants are dependent on the growth of soil microbes such as bacteria 

and fungi to access nutrients as N, P, and S in inorganic forms (ammonium, nitrate, 

phosphate, and sulfate) (Jacoby et al., 2017). In agricultural systems, macronutrients are also 

provided through the application of mineral fertilizers. In particular, nitrogen can be found 

as inorganic and organic states. Fungi take advantage of these nitrogen sources from soil, 

water and other living organisms. Thus fungi assimilate alternative organic nitrogen 
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compounds in limiting environments as natural and semi-natural soils that usually have low 

concentrations of nitrate and ammonium (Watkinson, 2016). However, in agricultural soils 

nitrate is an abundant compound mainly originated through nitrification or addition of 

fertilizers. Management of crop nutrition is done through the application of fertilizers or soil 

modification and it has been shown that these agricultural techniques are important 

components in the control of various plant diseases (Huber, 1989). There are previous works 

that demonstrate the influence of the nitrogen form on the vascular diseases severity caused 

by different formae speciales of Fusarium oxysporum in ornamental and agricultural plants 

(Duffy and DéFago, 1999). The reduction in the disease severity and the promotion of plant 

growth has been evidenced by applying nitrogen in the form of nitrates as opposed to the 

use of ammoniacal nitrogen (Woltz and Jones, 1973; Engelhard, 1979; Raju et al., 1984). 

Thus, the reduction of disease severity is influenced by the crop nutrition along with other 

integrated management measures (chemical, biological and cultural) (Huber, 1989). 

Integrated pest management is currently being sought that will lead to a reduction of risks 

and effects on human health and the environment. Due to the reduction of available active 

substances and permitted residues and the appearance of resistance to fungicides, non-

chemical alternatives such as biological methods are used. The biological control of plant 

diseases is the result of the complex interaction between the biocontrol agent, the pathogen, 

the plant and the environment. Biological agents (fungi, chromists, nematodes, bacteria or 

viruses) allow to reduce the inoculum of the pathogen, protect areas of infection and/or 

induce resistance in the host. Since the biocontrol agent (BCA) is one more element within 

the agricultural system, it is necessary to study their phenotypes and know its most important 

metabolic pathways that can interact or be key in its mechanism of action.  

Among fungi, the genera Trichoderma, Phlebia, Gliocladium, Epicoccum, and Penicillium

include strains that are effective antagonists against soil, aerial or post-harvest diseases.. The 
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strain 212 of Penicillium rubens (PO212, ATCC201888), formerly Penicillium oxalicum

(Villarino et al., 2016) is a proven biocontrol agent (BCA) against different soil diseases 

(Larena et al., 2003; De Cal et al., 2008; De Cal et al., 2009; Martinez-Beringola et al., 2013). 

So far, PO212 is one of the few isolates of Penicillium sp. to exhibit in vivo BA as well as 

isolates of P. frequentans (P. glabrum) (Guijarro et al., 2006), P. citrinum (Bhuiyan et al., 

2003) and P. funiculosum (Fang and Tsao, 1995). The application of PO212 to tomato 

seedlings seven days before their transplanting induced resistance and a resultant 20–80% 

reduction in the incidence of Fusarium and Verticillium wilt disease (De Cal et al., 1997; De 

Cal et al., 1999; De Cal et al., 2000; Larena et al., 2003) in both greenhouse (artificial 

inoculation) and field conditions (naturally infested soils). PO212 is a safe BCA to control

soil-borne pathogens because of its very limited vertical dispersion and horizontal spread, 

and low persistance in soil (Vázquez et al., 2013). 

Another particularity of this strain is its ability to grow in diverse conditions, and was of 

special interest its resistance to high concentrations of chlorate anion (>500mM). The ability 

to tolerate the anion chlorate is directly correlated with the decrease in the assimilation of 

nitrate as a source of nitrogen (Marzluf, 1997). To understand the BA phenotype presented 

by PO212 we started a series of genetic and molecular studies (Villarino et al., 2016; 

Villarino et al., 2018). Isolation of PO212 mutants resistant to 5-fluoorotic acid (5-FOA) has 

allowed the identification of mutations in the pyrimidine biosynthetic pathway, specifically 

in pyrG and pyrF genes (Villarino et al., 2016). We isolated PO212_18.2 mutant which 

carries a mutation in the pyrG gene that causes a truncation of PyrG protein at amino acid 

104. This pyrimidine auxotroph PO212_18.2 isolate has been succesfully used in 

transformation (Villarino et al., 2016). Importantly, transformation did not affect the 

morphological characteristics and the biocontrol efficacy of this fungus (Villarino et al., 

2018). PO212-derived strains expressing green (sGFP) or red (Ds-Red Express) fluorescent 
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reporter proteins were used to study the colonization of the tomato roots by PO212. 

Colonization by PO212 fluorescent strains, as for the recipient strain, was shown to be 

restricted to the root system (excluding the vascular system) without extending to the aerial 

parts of the plant (Villarino et al., 2018). Thus PO212 remains at the interphase between soil 

and plant subjected to influences both environments. 

With these molecular tools we will be able to analyze the chlorate-resistant phenotype 

displayed by PO212 and if its possible relationship with nitrate metabolism may well 

influence its BA in the agricultural soils. In this work, we aimed to identify the genetic basis 

of PO212 for chlorate tolerance by sequencing genes related to the nitrate catabolism 

pathway. This genetic characterization would also serve to determine the genetical proximity 

of PO212 to strains of Penicillium spp. whose genomes have been sequenced and to other 

isolates from the laboratory. Among these isolates we found the CH8 strain with a potential 

BA that also presents a nitrate-deficient phenotype. The identification of nucleotide changes 

in genes involved in nitrogen metabolism of the studied strains has allowed the identification 

of the different nit- genotypes and their relationship with the biocontrol mechanism. 

2. Materials and methods

2.1. Strains and culture conditions 

Penicillium rubens strains used in this work are listed in Table 1. PO212 (ATCC201888) 

and its derivative, the pyrimidine deficient PO212_18.2 strain (Villarino et al., 2016) were 

from our collection at INIA (National Institute for Agricultural and Food Research and 

Technology). Strain 1AM2 (IPLA33001) was a gift from Dr. Mayo (Instituto de Productos 

Lácteos de Asturias-CSIC, Spain), being an isolate from cheese previously identified as P. 
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chrysogenum (ITS sequence DQ148949) (Florez et al., 2007) and also verified in our 

laboratory. Strain 1AM2 was used as a control because it displayed a healthy colonial and 

vegetative growth in most conditions tested. Strain CH8 was isolated from a perennial 

plant outbreak from a forest near INIA. P. rubens (chrysogenum) Wisconsin 54-1255 

(abbreviated as PcWis 54-1255) was obtained from the ATCC culture collection,

ATCC28089 (van den Berg et al., 2008).

These strains and newly constructed PO212- and CH8-based strains were maintained on 

potato dextrose agar (PDA; Difco, Detroit, MI, USA) slants at 4 °C, and grown on PDA in 

Petri dishes in the dark at 20–25 °C for 7 days for conidial production. Minimal medium 

(MM, Aspergillus minimal medium, see (Villarino et al., 2018) was used for phenotypic 

analyses of Penicillium strains. D-glucose 1% was used as main carbon source and nitrogen 

sources of choice were added at the concentrations indicated in the text. Uracil and uridine 

were added when required to supplement the effects of pyrG1 mutation.

For bicontrol assays, dried conidia for the wtPO212 treatment were produced and dried as 

previously described by Larena et al. (2014). The moisture content of the final conidial 

product was measured using a humidity analyzer (Boeckel, GmbH+Co, Hamburg, 

Germany) and the germinability of dried conidia was determined using the bioassay as 

described by (Larena et al., 2007). 

The isolate 1A of F. oxysporum f. sp. lycopersici (Sacc) Snyder and Hansen (FOL1A) 

was provided by Dr. Cristina Moyano (Laboratory for Assessment of Variety, Seed and 

Nursery Plants, DTEVP, INIA), and used at 105-106 microconidia/ml as pathogenic 

Fusarium strain in biocontrol assays.

2.2. Construction of transformation cassettes and other PCR techniques. 
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The amplification of the different DNA fragments, as well as the performed gene construct, 

was carried out using standardized laboratory PCR techniques and using oligonucleotides 

listed in Table 2. 

To complement nirA1 and crnA1 mutations fragments were amplified by PCR and high 

fidelity PrimeStar polymerase (Takara) using specific primer pairs and genomic DNA 

from 1AM2 and PO212 strains, respectively, as templates. Details of amplified 

fragments, primers and templates are described in the text. For their use in transformation, 

fragments were purified from TAE-0.8% agarose gels. 

For tagging NirA with GFP we constructed a transformation cassette by means of the 3-way 

fusion PCR technique, described in (Nayak et al., 2006) which has been widely used by us 

(Markina-Iñarrairaegui et al., 2011). Essentially, a transformation DNA cassette is generated 

by PCR techniques using the proofreading polymerase Primer Star HR (Takara) and as 

template a mixture of fragments that allow the in-frame fusion of epitopes, as the case of 

GFP at the C-terminus of NirA protein. Template fragments were obtained from genomic 

DNA for homologous recombination and the fragment containing the gene coding for the 

GFP epitope and the selectable marker (pyrG gene from Aspergillus fumigatus) were 

obtained from plasmid p1439 already described in (Villarino et al., 2018). Using the 

oligonucleotides annealing to the ends, the transformation cassette was amplified using the 

following PCR conditions: initial denaturation 98 °C/2 min, 15 cycles in periods of 

denaturation 98 °C/10 s, annealing 55 °C/5 s and extension 72 °C/1 min/kb, 25 cycles in 

periods of denaturation 98 °C/10 s, annealing 58 °C/5 s and extension 72 °C/8 min + 

20s/cycle and, finally, an extension at 72 °C/9 min and storage at 4 ºC. The amplified DNA 

cassette was purified from TAE-0.8 % agarose gel, quantified and used directly in 

transformation of protoplasts.
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2.3. Transformation of P. rubens strains  

Previously described DNA fragments or cassettes were used for transformation of PO212, 

PO212_18.2 or CH8 strains following the procedure described in (Villarino et al., 2018). To 

complement nirA1 mutation in PO212 strain, protoplasts were transformed with a fragment 

containing the nirA gene from strain 1AM2 and positive transformants were selected on 

regeneration medium (MM+1 M sucrose as osmotic stabilizer) supplemented with nitrate (5 

mM) as main nitrogen source. For tagging of NirA with GFP moiety protoplasts of strain 

PO212_18.2 were transformed with the 3-way-PCR cassette and positive transformants 

were selected on regeneration medium lacking uracil and uridine supplementation, used to 

complement the pyrG1 mutation. Complementation of crnA1 mutation in CH8 strain was 

selected using regeneration medium containing nitrate (5 mM) as nitrogen source. 

2.4. RNA extraction and sample preparation for qPCR 

Total RNA was extracted from mycelia cultivated under the conditions described in the 

results section. Mycelia were collected by filtration using Miracloth and rapidly frozen in 

liquid nitrogen. Samples were processed using TRI Reagent (Sigma-Aldrich) and following 

the manufacturer's protocol. Briefly, collected mycelia were grounded using a mortar and 

liquid nitrogen. 200 mg of pulverized mycelium were suspended in 1 mL of TRI Reagent 

(Sigma-Aldrich) and incubated for 5 min at RT. Then 0.2 mL chloroform was added, mixed 

vigorously, incubated for 15 min at RT and centrifuged at 12,000 g/15 min/4 ºC. The upper 

aqueous phase was collected and RNA was precipitated with 0.5 mL of 2-propanol. RNA 

was collected by centrifugation at 12,000 g/10 min/4 ºC. The RNA precipitate was washed 

with 1 mL of 75% ethanol followed by centrifugation at 7,500 g/5 min/4 ºC. Each precipitate 
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was air dried and dissolved in 200 µL of RNA-free milliQ water and frozen at -80 °C until 

use. 

For quantitative PCR cDNA was synthesized using the SuperScript First-strand Synthesis 

System for RT-PCR (Invitrogen) and following the manufacturer's intructions. Total RNA 

concentration in samples was determined using a NanoDrop ND-1000. Previous to cDNA 

biosynthesis, traces of genomic DNA (DNAg) were eliminated using Desoxyribonuclease 

I, amplification grade (Invitrogen). In a reaction volume of 10 µL, 2 µg of total RNA were 

treated with 1 unit of DNAseI (Invitrogen) for 15 min at RT. DNAg digestion was stopped 

by addition of 1 µL of EDTA and incubation for 10 min at 65 ºC. 

First strand cDNA reaction was prepared consisting of 1 µg of DNAseI-treated RNA, 1 µL 

of 10mM dNTPs mixture, 1 µL of oligonucleotide oligo(dT)12-18 and milliQ water up to a 

final volume of 10 µL. Samples were incubated at 65 ºC/5 min and then immediately 

transferred into ice for 1 min. A mixture consisting of 2 µL of RT buffer 10X, 4 µL of MgCl2

25 mM, 2 µL of DTT 0.1 M and 1 µL of the enzyme RNAseOUT™ 40 U/L was added after 

ice incubation. Samples were centrifuged at maximum speed for 20 s and incubated at 42 

ºC/2 min. After this, 1 µL of the retrotranscriptase SuperScript™ II RT was added to each 

reaction and incubated at 42 ºC for 50 min and then at 70 ºC for 15 min, allowing it to cool 

on ice for 2-3 min at the end of the process. Finally, 1 µL of the enzyme RNAseH was added 

and the sample was incubated with it at 37 ºC/20 min. The amount of cDNA obtained was 

measured in a NanoDrop ND-1000. Samples are stored at -20 ºC until use.  

2.5. Transcriptional analysis and characterization of transformants. Quantitative PCR 

technique (qPCR) 
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After obtaining the cDNA of the strains of interest, dilutions were made at the final 

concentrations of 100 ng/μL and 10 ng/μL in water PCR Probe, specific for that purpose. 

Each reaction well contained 1 μL of the corresponding dilution, 0.3 μL (300 nmoles) of 

each of the relevant oligonucleotides (Table 2), 8.4 μL of PCR Probe water and 10 μL of the 

2x commercial reaction mixture. SYBR® Green Master Mix (Bio Rad) that includes all the 

necessary components to carry out a PCR together with SybrGreen as a fluorescent agent to 

be able to measure the results. The conditions applied were: pre-incubation at 95 ºC/5 min 

and 40 cycles of 95 ºC/10 s + 65 ºC/30 s. To obtain the melting curve, a cycle was used in 

which the temperature was lowered from 95 ºC to 65 ºC at a speed of 4.4 ºC every 10 s. The 

equipment used was a LightCycler96® (Roche). 

qPCR was used to determine the number of copies of nirA gene in transformants of PO212. 

Genomic DNA of transformats was used as template at two concentrations, 10 ng/μL and 1

ng/ μL We used specific primers for nirA gene (NirAqPCRUP and NirAqPCRDW). Both 

oligonucleotides have no mismatches between PO212 and 1AM2 nirA genomic sequences. 

PCR reactions followed the protocol described above. As control of a single copy gene we 

amplified the tubulin  gene, benA, using oligonucleotides PO212 benA1 and PO212 benA2 

(Table 2).  

2.6. Protein extraction and immunodetection analysis 

Total protein extraction was done using the alkaline lysis procedure described in 

(Hernandez-Ortiz and Espeso, 2013).  

For immunodetection, the protein samples were subjected to SDS-PAGE, loading the 

amount of sample in each lane previously estimated on the basis of Coomassie blue staining. 

The proteins were transferred  to nitrocellulose membrane (Trans-Blot® Turbo™ Transfer 
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Pack, Bio Rad) using the Trans-Blot® Turbo™ Transfer System (Bio Rad). After incubation 

in blocking solution (milk powder 5% (w/v) in PBS), the membrane was washed three times 

for 5-10 min each time in PBS-Tween to remove the blocking solution. It was then incubated 

with the primary antibody dissolved in 5 mL PBS-Tween with 1% (w/v) milk powder for 1 

hour at RT in agitation. After this time, it was washed three times for 10 min in PBS-Tween 

and incubated with the secondary antibody under the same conditions as above. After the 

incubation time, the membrane was washed 3 times 10 min with PBS-Tween and once with 

PBS, after which the membrane was developed. A polyclonal mouse anti-GFP (1:5000; 

clones 7.1 and 13.1; Sigma-Aldrich) was used to detect NirA-GFP fusion. As secondary 

antibody we used a peroxidase-conjugated goat anti-mouse immunoglobulign G (IgG; 

1:4000; Jackson ImmunoResearch Laboratories). Peroxidase activity was detected using the 

ECL chemiluminescence system (GE Heathcare) as detailed by the manufacturer's protocol 

and images were taken using the ChemiDocTM Imaging system and the Image LabTM Touch 

software, ver 2.2.0.08 (Bio Rad). 

2.7 In vitro determination of nitrate reductase activity in crude protein extracts. 

To determine the activity of nitrate reductase in PO212, PO212_TF7 and 1AM2 strains we 

followed the protocol described by (Kim and Seo, 2018). These strains were cultured for 24 

hr in liquid minimal medium containing 1% glucose as carbon source and 5 mM ammonium 

chloride as nitrogen source in an orbital incubator at 25ºC. For each culture, the mycelium 

from an inoculum of 106 conidia/mL was harvested by filtration through miracloth and 

divided into three portions, one was kept as a control and the other two were suspended 

separately in minimal medium containing 1% glucose but without supplementation of 

nitrogen source and incubated at 25ºC for 1 h. Next, sodium nitrate at a concentration of 5 

mM was added to one sample and ammonium chloride at 5mM was added to the other. Both 
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cultures were then further incubated at 25ºC for an additional hour. Then, mycelia were 

harvested and processed as indicated in (Kim and Seo, 2018). Briefly, for each sample the 

collected wet mycelium was grinded in liquid nitrogen using a mortar and pestle. 450 mg of 

grinded and frozen mycelium were suspended in 750 L of chilled extraction buffer (250 

mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 μM Na2MoO4, 5 μM flavin adenine dinucleotide

(FAD), 3 mM dithiothreitol, 1% BSA, 12 mM 2-mercaptoethanol, 250 μM PMSF) and 

centrifugated at 17,000 g for 5 min to eliminate cell debris. For the enzymatic reaction, 150 

L of protein extract was mixed with 850 L of reaction buffer (40 mM NaNO3, 80 mM 

Na2HPO4, 20 mM NaH2PO4 (pH 7.5), 0.2 mM NADH) and incubated for 2 h at 25ºC. To 

measure the production of nitrite, this protocol uses the Griess reagent, mixing 200 L of 

1% sulfanilamide (prepared in 3M HCl) and 0.05% N-(1-naphthyl) ethylenediamine 

hydrochloride. Blanks were prepared by immediately mixing the enzymatic reaction and the 

Griess reagent mix. After an incubation for 15 min at 25ºC, 1mL of each sample was taken 

and absorbance at 540 nm was determined. Activity of nitrate reductase was calculated as 

the difference in nitrite content of the reaction between incubated and blank samples. A 

nitrite standard curve was use to stimate the nitrite concentration. In our assays the lowest 

concentration of nitrite detected was 5 M. 

2.8. Fluorescence microscopy 

For the detection of the NirA-GFP fusion protein by epifluorescence microscopy, strain 

NirA-GFP (transformant #1II) was cultured for 24 h at 25° C in watch minimal medium

(WMM, (Penalva, 2005)) supplemented with 5 mM ammonium tartrate as nitrogen source.  

Fungal cells were grown in 8-well slides (Ibidi) containing 300 l of WMM. Induction of 

the nuclear localization of NirA-GFP was done replacing the culture medium by fresh 
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WMM containing 10 mM sodium nitrate. The samples were analyzed with a Leica 

DMI6000b inverted fluorescence microscope equipped with a 60X Plan APO 1.4 immersion 

objective and suitable filters for the observation of GFP (excitation at 470 nm and emission 

at 525 nm). The images were acquired with an ORCA ER camera (Hamamatsu) and 

processed using ImageJ software (http://imagej.nih.gov/ij ; NIH, USA).

2.9. Biocontrol efficacy experiments on tomato plants 

In order to test the effect of nit- mutation on efficacy of PO212 against FOL1A, growth 

chamber experiments were carried out on tomato plants as described in (Larena and 

Melgarejo, 2009). Tomato seeds (cv. San Pedro) were sown in trays (1200 cm2) 

containing an autoclaved mixture of vermiculite (Termita, Asfaltex, S.A.) and peat (Gebr. 

BRILL substrate GmbH & Co. KG) (1:1, v:v), and maintained in a growth chamber at 

22-28 °C with fluorescent light (100µE/m2 s, 16 h photoperiod) and 80-100% humidity 

for 3 weeks. Two assays were carried out: i) the first assay (assay 1) grouped the strains 

PO212, and PO212_NirA1AM2, and ii) the second assay (assay 2) grouped the strains 

PO212 and CH8. Seedlings in seedbeds were watered 7 days before transplanting with 

two different treatments: i) a conidial suspension of PO212 (106 conidia/g substrate); ii) 

a conidial suspension of PO212_NirA1AM2 and CH8 (106 conidia/g substrate); iii) sterile 

distilled water (SDW) as control. Seven days after treatments, tomato seedlings were 

transplanted from seedbeds into flasks containing sterile Hoagland solution as described 

by (De Cal et al., 1997). FOL1A (105-106 conidia/ml) was added to the flasks just before 

transplanting. There were two types of controls in the assays: (1) plants not treated with 

BCA but inoculated with the pathogen (FOL1A) (untreated/inoculated plants); (2) plants 

not treated with BCA or inoculated with the pathogen (FOL1A) (Untreated/non-
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inoculated plants). Five replicate flasks, each containing four plants, were used for each 

treatment. The flasks were placed in a growth chamber 26 days under the conditions 

described above. Disease development caused by FOL1A in tomato plants was evaluated 

each week up to 26 days after transplanting. Each type of experiment was carried out 

twice. The density of P. rubens in the seedbed substrate and in the rhizosphere of three 

plants per treatment was estimated just before transplanting as colony-forming unit (CFU)

per gram of dry soil and fresh root, respectively as described in (Larena et al., 2003). 

Every 7 days after transplanting, the following parameters were evaluated: consumption 

of nutrient solution per plant, flask and day; number of leaves per plant; and disease index 

in leaves according scale described in (De Cal et al., 1995). Disease severity and the area 

under the disease progress curve (AUDPC) was calculated using the disease index 

described below for each treatment (Campbell and Madden, 1990). At the end of the 

experiment, the roots and aerial parts per flask were weighed.

2.10. Data analysis 

The area under the disease progress curve (AUDPC) was calculated at the end of the 

experiment as described by Campbell and Madden (1990), using the formula:

where t is days after transplanting (growth chamber experiments), d is the disease severity 

(%) for each plant and, n is the number of samples. AUDPC for each treatment was 

calculated using Excel software (Microsoft Office Excel 2003). 
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Data were analysed by factorial analysis of variance. Statistical analyses were performed 

using Statgraphics Plus for Windows v. 4.1 (StatPoint, Inc. Herndon, VA.). When the F

test was significant at P=0.05, means were compared by the Student–Newman–Keuls 

range test (Snedecor and Cochran, 1980). % disease severity, AUDPC, and solution 

consumption data were subjected to transformation when it was necessary. 

3. Results 

3.1. Reduced nitrate utilization by the BCA PO212 

When isolating spontaneous auxotrophic mutations in the BCA PO212 strain to be used 

in transformation procedures, tolerance to several toxic compounds were scored, 

including 5-FOA (Villarino et al., 2016) and potassium chlorate (KClO3). Fig. 1A shows 

that PO212 strain tolerated up to 500 mM KClO3 compared to the industrial penicillin 

producer and reference strain PcWis 54-1255 and to our control strain P. chrysogenum

1AM2. For example, PO212 and 1AM2 grew better than PcWis 54-1255 on PDA. PO212 

grew well on PDA containing 500 mM KClO3 in contrast to the other two strains that 

presented a strong reduction in colonial growth (Fig. 1A). Since chlorate becomes toxic 

to cells when converted to chlorite by the activity of nitrate reductase (reviewed in 

(Scazzocchio and Arst, 1989)), tolerance of PO212 to elevated concentrations of chlorate 

suggested that levels of nitrate reductase or its activity would be strongly affected. We 

tested the ability of PO212 to grow on PDA supplemented with nitrate, without finding 

differences in colonial growth among strains (Fig. 1A), most probably due to nutrient 

complexity of PDA. Thus we approached growth tests using solid MM restricting access 

of fungal strains to other possible sources of nitrogen present in PDA (Fig. 1B). The 
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growth of PcWis 54-1255, 1AM2 and PO212 was compared when inoculated on solid 

MM containing 1% D-glucose as carbon source and in the presence of different nitrogen 

sources (Fig. 1B). The three strains grew well on MM containing 5 mM ammonium 

tartrate and 5 mM ammonium chloride (Fig. 1B). PO212 showed a strong reduction in 

growth when 5 mM sodium nitrate or 5 mM sodium nitrite were added to MM as main 

nitrogen sources (Fig. 1B). The overall growth tests indicated that the resistance of PO212 

to high concentrations of chlorate may depend on the low activities of nitrate and nitrite 

reductases. 

3.2. Identification of nucleotide changes in the genes of the PO212 nitrate assimilation 

pathway 

Based on our previous work for the identification of PO212 as a member of the P. rubens

(chrysogenum) species (Villarino et al., 2016), we used the PcWis 54-1255 genomic 

database to design specific primers for the amplification and sequencing of genes 

belonging to the nitrate assimilation pathway in the PO212 genome (see Table 2 for 

oligonucleotides, and Table 3 for genes under analyses). We then amplified genomic 

fragments for niaD, niiA and crnA genes encoding reductase enzymes and nitrate 

permease, and genes coding specific, nirA, and general, nre1, transcriptional regulators 

of this pathway (Fig. 2A). Interestingly we found a low number of nucleotide (nt) changes 

between PO212 and reference PcWis 54-1255 genomic sequences. Compared to PcWis 

54-1255 genomic secuences, two nt changes (SNPs) were found in nre (PO212_nre1), 

and a single nt change in nirA (PO212_nirA) and niiA (PO212_niiA) sequences. Finding 

4 SNPs in more than 14 kb of sequenced genome (Table 3) clearly indicated the strong 

conservation between PO212 and P. rubens Wisconsin 544-1255 genomic sequences.  
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In PO212_niiA, the identified SNP locates in the fifth intron, predictably not affecting 

protein sequence for the nitrite reductase. In PO212_nre1, the two identified SNPs have 

different effects; the G/C transversion has a silent effect on the codon for Thr208 in 

sequence KZN90283.1 of PcWis 54-1255 Nre (ref PMID: 25059858). However A/C 

transversion results in change of glutamic 73 residue to an alanine in PO212_Nre1. 

But in PO212_nirA, the C to T transversion found changes the CAA codon for glutamine 

262 into a TAA stop codon. This SNP causes the truncation of NirA protein in PO212 at 

amino acid 261 lacking of 2/3 of the hypothetical protein compared to Pc21g07150 NirA 

protein in PcWis 54-1255 (Fig. 2B). NirA is a zinc binuclear cluster (Zn(II)2Cys6) 

transcription factor, and the mutation found in PO212_nirA gene, named nirA1, truncates 

NirA at the predicted fungal transcription factor regulatory middle homology region (TF 

MHR) without affecting the DNA binding domain (see Fig. 2B). 

The stop codon found in the PO212_nirA genomic sequence could be responsible for the 

observed nitrate defficient, nit-, phenotype of PO212 as it is a pathway-specific regulator 

that mediates the transcriptional regulation of the coding genes of nitrate and nitrite 

reductases (Birkett and Rowlands, 1981), Model in Fig. 2A). However the presence of an 

amino acid change in the general nitrogen regulator Nre could be additive to the presence 

of nirA1 mutation. We then searched into available genomic databases of P. 

rubens/chrysogenum strains for the presence of a similar amino acid change in Nre. Pc3 

(IB08/921), an Austrian isolate (Böhm et al., 2015), carries the same two SNPs we found 

in Nre of PO212 without any additional changes along the coding sequence. We also 

verified that the sequence of nirA in Pc3 genome had 100% identity to nirA in PcWis 54-

1255. 

Fig. 1 shows growth of P. chrysogenum 1AM2 on PDA and MM, and sensitivity to 

chlorate that correlated with its ability to utilize nitrate as main nitrogen source (Fig. 1A-
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B). Also growth of 1AM2 on nitrate-supplemented MM must be supported by a functional 

regulatory system for nitrate metabolism. Sequencing of nirA in 1AM2 showed the 

presence of 29 SNPs when compared to PcWis 54-1255 nirA sequence. Most of these 

changes affected to the third base of codons, but we found 6 amino acid changes between 

NirA protein sequences of P. chrysogenum 1AM2 and PcWis 54-1255 (Supplementary 

Fig. 1). This result contrasted with the strong conservation of nirA, and other nitrogen 

related gene, sequences in PO212, Pc3 and PcWis 54-1255 genomes. 

3.3. Complementation of nirA1 mutation in PO212 

There is no evidence that Pc3 strain exhibited a nit- phenotype associated to those allelic 

variations present in its Nre locus (Böhm et al., 2015) which were also found in PO212. 

Therefore we focused on the possible effect of nirA1 mutation found in PO212. We 

transformed PO212, following protoplast and calcium/PEG mediated protocol (Villarino 

et al., 2018), with a 4.8 kb genomic DNA fragment comprising the CDS and 5' and 3' 

UTRs of nirA locus from P. chrysogenum 1AM2 (Fig. 3A). This DNA fragment was 

obtained by PCR amplification using primers NirAPO-GSP1 and NirAPO-GSP4 (Table 

2) as indicated in Fig. 3A. Selective regeneration medium for positive transformants 

contained 5 mM sodium nitrate as unique nitrogen source. After purification to 

homocaryosis, we selected several transformants for a more detailed study. 

Transformants TF2, TF7, TF9 and TF13 grew well on MM supplemented with nitrate as 

does the strain 1AM2, however growth on MM containing 5 mM sodium nitrite was poor 

for all strains we analysed (Fig. 3B). For all transformants analyzed we found that the 

endogenous PO212 nirA gene was present (Supplementary Fig. 2). Additional PCR 

analysis using external oligonucleotide pairs NirA-UP and NirA-DW (Table 2) showed 
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the ectopic integration of the 1AM2 nirA cassette in all selected transformants, carrying 

a single copy TF2, TF7 and TF9, and two copies TF13 (Supplementary Fig. 2,). 

To confirm the negative effect of nirA1 mutation on the expression of nitrate assimilation 

genes, we analyzed the expression levels of nitrate reductase (niaD) and nitrite reductase 

(niiA) coding genes in PO212 and compared to those found in 1AM2 and in one of the 

transformants carrying a copy of 1AM2 nirA (PO212_TF7). As shown in Fig. 3C, 

expression of niaD and niiA genes were detectable in PO212, however their expression 

levels were not upregulated when nitrate was present in the medium. In contrast, P. 

chrysogenum 1AM2 displayed the expected regulation for niaD and niiA genes, being 

expressed at very low levels in the presence of ammonium but upregulated when replaced 

by nitrate. In agreement with the capacity of TF7 strain (PO212_NirA1AM2) to grow on 

nitrate-containing MM, this transformant recovered the nitrate-dependent regulation of 

niaD and niiA genes (Fig. 3C). In vitro measurement of nitrate reductase activity in 

PO212, tranformant TF7 and 1AM2 confirmed the absence of NiaD activity in PO212 

but a nitrate-induced NiaD activity in TF7 and 1AM2 (Fig. 3D). These results 

demonstrate that the nitrate-deficient phenotype caused by the nirA1 mutation can be 

interpreted as a downregulation of genes coding for nitrate and nitrite reductases and a 

strong reduction in nitrate reductase activity. 

3.4. Regulation of NirA in PO212, evidence for a nitrate-dependent nuclear import of 

NirA in Penicillium

To promote gene replacement at mutant nirA1 locus, we followed the locus tagging 

technique used in A. nidulans (Nayak et al., 2006). A linear DNA fragment was 

constructed by fusion PCR procedures by joining the 5'UTR+CDS region of 1AM2 nirA
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to GFP coding sequence and to the pyrG gene of A. fumigatus, ending with a 1.5 bp 3'UTR 

fragment of endogenous PO212 nirA locus (Fig. 4A). We selected transformants from 

recipient strain pyrG1 PO212_18.2 by complementing the pyrimidine auxotrophy caused 

by the pyrG1 mutation. Transformants able to grow on selective medium lacking uracil 

and uridine (pyrG+) were subsequently scored for their capacity to grow on MM 

supplemented with nitrate (Fig. 4B). Most of transformants analyzed were able to grow 

on these selective conditions as well as in medium containing ammonium (Fig. 4B), 

indicating the complementation of nirA1 and pyrG1 mutations by the DNA cassette. 

Transformants #1II, #2II, #3II and #4II were selected due to their ability to grow on 

nitrate-supplemented medium, but we also analyzed transformants #9II and #12II because 

of the partial complementation of nit- phenotype (Fig. 4B). Sequencing of PCR amplified 

genomic fragments from transformants with oligonucleotides NirAPO-GSP1 and 

NirAPO-GSP2 showed the integration of the DNA cassette at the nirA locus for 

transformants #1II, #3II and #4II, but ectopic integrations for transformants #2II, #9II and 

#12II. Presence of GFP tag in these strains would allow visualization of nirA fusion 

protein in Western blots and by epifluorescence microscopy. Immunodetection analyses 

detected NirA-GFP fusion in total protein extracts from transformants #1II, #2II, #3II and 

#4II. Although with different intensities, a band with a mobility close to 150 kDa was 

visualized fitting well with the predicted molecular weight of 117 kDa for the NirA-GFP 

fusion (Fig. 4C). It is worth mentioning, that ectopic transformants #9II and #12II did not 

showed the expected band for the NirA-GFP fusion. We suspect that the partial 

complementation of nit- phenotype in these transformants is a consecuence of their 

ectopic integrations and/or reorganizations after recombination to incorporate the A. 

fumigatus pyrG gene since this was the basis of selection after transformation (Fig. 4B-

C)  
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Given that NirA is a zinc binuclear cluster transcription factor subjected to post-

translational activation by nitrate (Burger et al., 1991), we observed that levels of NirA-

GFP did not change when the nitrogen source was changed in the medium from repressing 

conditions (ammonium) to inducing conditions (nitrate) and vice versa (see GFP/HXK 

ratios in Fig. 4D). However, these ratios were lower in mycelia initially grown in nitrate. 

Microscopically, NirA-GFP displayed a diffused cytoplasmic localization in the presence 

of ammonium that changed from a cytoplasmic location to nuclear when nitrate was 

present in medium (Fig. 4E).  

3.5. Characterization of a P. rubens strain carrying a mutation in the gene coding for the 

nitrate permease CrnA 

The CH8 isolate displayed inability to grow on MM supplemented with nitrate (Fig. 5A). 

Genes related to the nitrate assimilation pathway were sequenced in CH8 and compared 

to those of PO212. No changes were found in genomic sequences for niaD, niiA and nre1. 

CH8 holds a wild-type nirA gene but the gene coding for the nitrate permease CrnA 

presented an insertion of a G at position 1640 from the initiation codon. This mutation 

was named crnA1 and causes a frame shift within the CDS of the fifth exon. In PO212, 

as in PcWis 54-1255, crnA encodes for a 533 polypeptide predictably organized in 12 

transmembrane domains (TMs) to be located at the plasma membrane. Mutant CrnA1 

protein carries an out-of-frame tail of 28 amino acids after Gly466. Hypothetical 

topologies of wild-type and mutant CrnA proteins are displayed in Supplementary Fig. 3. 

Mutant CrnA1 transporter predictably lacks the last two TMs. 

To demonstrate that crnA1 mutation is responsible of the nit- phenotype of CH8, we 

generated a complemented crnA+ strain. A 1.9 kb DNA fragment comprising the coding 
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region of CrnA was amplified from genomic DNA of PO212 using primers crnA-1 and 

crnA-2 (Table 2). The CH8 strain was transformed with this fragment and as control we 

performed a second transformation experiment using the same fragment but obtained 

from genomic DNA of CH8. On selective minimal medium containing 5 mM nitrate, we 

observed abundant putative transformants in both transformation experiments. We 

selected several of these transformants and after purification to homokaryosis they were 

characterized by PCR and further sequencing (see characterization strategy in 

Supplementary Fig. 4, oligonucleotides in Table 2). Among putative transformants using 

the crnA+ fragment, we found the CH8_7 transformant which carried a copy of the 

construct inserted at the crnA1 locus of CH8 but not replacing the endogenous mutant 

gene (Supplementary Fig. 4). In other putative transformants, we detected a reversion 

phenomenon of the crnA1 mutation. Among these strains we found the deletion of a 

guanine in the guanine-rich region where crnA1 mutation is located, which restored the 

open reading frame of mutants to a wild-type sequence. Among these revertants we 

selected strain CH8_rev5 for further characterization. 

The complemented CH8_7 strain, expressing CrnA from PO212, was able to grow on 

nitrate in a similar way to the complemented PO212_TF7 strain expressing NirA1AM2 and 

1AM2 (Fig. 5A). Compared to PO212, CH8 is very sensitive to chlorate and restoration 

of CrnA activity in CH8_7 only accentuated this phenotype (Fig. 5A). These results 

support a role of CrnA in nitrate metabolism acting as a transporter for this anion at the 

plasma membrane and the presence of alternative pathway for entry of chlorate in the 

cell. 

3.6. Nitrite metabolism in PO212, CH8 and 1AM2 strains 
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Accumulation of nitrite in cells cause deleterious metabolic dissorders such as generation 

reactive NO species and depletion of ATP stores (Cabrera et al., 2014). The poor growth 

of all the strains used in this study on solid medium supplemented with 5 mM nitrite 

suggest a deficiency in the regulation of nitrite content in these strains (Fig. 5B). Then we 

decided to investigate whether the poor growth in nitrite could be derived from an 

inefficient transport system or by intracellular toxicity of nitrite. For this purpose we 

combined nitrite with an alternative nitrogen source, such as 5 mM proline or 5 mM urea 

which are not repressing nitrogen sources. CH8 isolate and derived strains, CH8_7 and 

CH8_rev5 grew well on medium containing either of these two compounds as main 

nitrogen source and also did so when mixed with 5 mM nitrite (Fig. 5B) indicating that 

CrnA transporter has no role in this sensitivity to nitrite. In contrast, the poor growth of 

PO212 compared to the complemented strain PO212_TF7 on medium supplemented with 

nitrite and alternative nitrogen sources indicates the need for a functional nirA gene to 

prevent nitrite toxicity. A NirA-dependent nitrite detoxification system is hypothesized 

to remedy inadequate accumulation of this anion in the cell.  

3.7. The biocontrol efficacy of PO212_NirA1AM2 and CH8 strains 

To assess the role of nirA1 in BA of PO212, we performed a series of experiments of 

biocontrol efficacy in tomato plants in growth chambers. We determined whether the 

PO212_NirA1AM2 (transformant TF7) retained the capacity of PO212 to reduce the 

disease caused by F. oxysporum f. sp. lycopersici on tomato plants.  

As described in materials and methods Penicillium strains were inoculated on the seedbed 

7 days prior to transplanting tomato plants into flasks containing Hogland's solution. 

Viability of conidia of both strains was comparable at application time and higher than 
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90%. To ensure colonization by PO212 strains, populations of PO212 were estimated just 

before transplanting to flasks. Fungal burden of PO212, and PO212_NirA1AM2 was 

similar in the roots and in the seedbed substrate, 105-106 CFU g-1 fresh root weight (g dry 

substrate weight). In addition we verified the absence of PO212, and PO212_NirA1AM2

either in the rhizosphere or in the substrate of the seedlings of the untreated plants in any 

of the assays.  

As control, in all assays, disease symptoms were not observed in plants not inoculated 

with the pathogen or when only PO212 or PO212_NirA1AM2 strains were used. Plants 

inoculated with the pathogen FOL1A but not treated with Penicillium showed a disease 

severity of 51.87% (Table 4). Compared to untreated control plants, the treatments with 

PO212 and PO212_NirA1AM2 reduced significantly (P≥0.05) the disease severity caused 

by FOL1A with a reduction of a 40% and 26.5%, respectively. The AUDPC showed also 

a reduction of 67% and 18.5%, respectively) (Table 4). However percentages of disease 

severity and AUDPC were significative different (P≥0.05) between treatments with 

PO212 and PO212_NirA1AM2, being PO212 the strain that reduces the disease more 

effectively (Table 4).. The two Penicillium strains did not affect solution consumption, 

leaves number and stem and root weight of either infected or untreated control plants 

(Table 4). PO212_NirA1AM2 maintained the biocontrol capacity of the wt strain (PO212) 

although its decreased efficacy levels. This result indicates that nirA1 mutation is not fully 

responsible for the BA of PO212 but suggests an important role of nitrogen metabolism 

in the biocontrol process. 

As another nit- isolate, we evaluated the biocontrol capacity of CH8 and compared with 

PO212. CH8 significantly reduced the percentage of disease severity caused by FOL1A, 

exceeding 50% reduction (Table 5). The disease severity on the untreated and FOL1A 

inoculated plants showed 69.73% (Table 5). In addition, PO212 and CH8 increased 
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significantly (P≥0.05) the leaves number and stem and root weight in infected plants 

when compared to untreated FOL1A-inoculated plants control, except the solution 

consumption (Table 5). These results demonstrate that CH8 is another P. rubens strain 

effective in reducing the disease caused by FOL1A. 

4. Discussion  

The Penicillium chrysogenum/rubens strains PO212 and CH8 share a common 

characteristic of their inability to assimilate nitrate as a source of nitrogen. In fact 

differences are visible between strains displaying PO212 limited but appreciable growth 

on MM containing nitrate or nitrite and CH8 showing almost no growth at all. The 

sequencing of genes encoding for enzymes and nitrate transporters and their 

transcriptional regulators have revealed the presence of interesting mutations. PO212 

carries a mutation in the gene that encodes the route-specific transcriptional factor NirA. 

The nirA1 mutation removes two-thirds of the protein while maintaining the DNA 

binding domain. nirA1 is a loss of function mutation since complementation is possible 

with a functional ectopic copy obtained from strain 1AM2, a strain able to grow on nitrate. 

Phenotypically the PO212 strain reflects the defect in NirA function, inability to grow in 

medium with nitrate or nitrite as the main source of nitrogen. This defect correlates with 

the inability to express enzymes that metabolize nitrate reduction to nitrite and this to 

ammonium. This is the first time a mutation has been described in the NirA coding gene 

in P. rubens. Mutations in nirA have been isolated in P. chrysogenum (Birkett and 

Rowlands, 1981), and Penicillium brevicompactum (Varavallo et al., 2005), based on 

tolerance to chlorate. Also, nirA mutants which failed to grow in nitrate and nitrite were 

isolated from Penicillium griseoroseum and transformed with the nirA gene of 
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Aspergillus nidulans (Pereira et al., 2004). However all these nirA mutations have not 

been fully described. Our study shows that the system for regulating the expression of 

niaD genes encoding nitrate reductase and niiA genes encoding nitrite reductase is similar 

to that described in other filamentous fungi such as A. nidulans (see review, (Scazzocchio 

and Arst, 1989)) or F. fujikuroi (Pfannmüller et al., 2017). The presence of nitrate induces 

the nuclear localization of NirA in P. rubens and consequently the induction of the 

expression of these structural genes. The same location was described in A. nidulans

where intracellular nitrate mediates nucleocytoplasmic trafficking of NirA (Schinko et 

al., 2010), (Berger et al., 2006), (Bernreiter et al., 2007)). In Fusarium fujikuroi regulation 

of NirA-GFP nuclear localization was studied in diverse mutant backgrounds. In this 

fungus, absence of NRTA, a nitrate transporter homologue of CrnA, and AREA functions 

did not affected nitrate-regulated NirA localization, in a ΔNIAD background NirA 

remained cytoplasmic, suggesting that the fungus is capable of detecting nitrate in a 

manner independent of AreA and NrtA, but dependent on nitrate reductase (Pfannmüller 

et al., 2017).

Therefore the entry of nitrate into the cell should be an essential regulatory step. The study 

of strain CH8 reveals the transporter involved in P. rubens nitrate uptake. Like the PO212 

strain, CH8 does not use nitrate as the sole source of nitrogen. The sequencing of the 

genes involved in its metabolism reveals the presence of a mutation in the gene encoding 

for the CrnA family transporter. Impairment of CH8 to utilize nitrate or nitrite can be 

explained by the fact that crnA1 mutation must abolish the principal transport mechanism 

for these nitrogen sources. Mutations in crnA have been isolated in P. brevicompactum, 

but they were not analyzed (Varavallo et al., 2005). The crnA1 mutation causes the loss 

of the last two transmembrane domains of the 12 that are predicted in that transporter. 

Absence of growth of CH8 on nitrate is in agreement with a major role of CrnA in 
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transport of nitrate. Until now, only P. digitatum had been identified within the genus 

Penicillium as the unique species that could not use nitrate because it lacks the homolog 

for the transport of nitrate CrnA and the three ORF between niiA and crnA that interrupt 

the group of assimilation of nitrates, indicating that although the species of this genus 

share the same basic genomic organization in this region, they have undergone important 

rearrangements (Marcet-Houben et al., 2012). Our results therefore show that CrnA is the 

primary means of intracellular transport of nitrate and that other systems are either not 

functional or do not exist in P. rubens. 

However, the CH8 strain is still sensitive to chlorate anion, so the P. rubens chlorate entry 

system follows a different route than nitrate. 

One of the most interesting aspects of this research is that none of the strains used, 

including those complemented with the wild-type genes nirA and crnA show the ability 

to grow in the medium with nitrite as the main source of nitrogen. Experiments mixing 

non-repressive nitrogen sources such as proline or urea and nitrite suggest that these 

strains of P. rubens are not capable of using nitrite. Since extracellular nitrite does not 

cause a defect in the growth of these strains in the presence of alternative nitrogen sources 

it is feasible to think that they do not have a defect in nitrite reduction, but rather a possible 

defect in the cell entry of this anion. It is possible that CrnA will only be able to transport 

nitrate in P. rubens. It is interesting to note that the levels of niiA expression we have 

measured in the complemented strain PO212_NirA1AM2 (transformant TF7) and in 1AM2 

are higher than those of niaD, which might suggest that nitrite reductase is at higher levels 

in the cell perhaps to avoid intracellular nitrite accumulation and its pernicious effects. 

Therefore the inability to grow over nitrite-containing medium may be due to the inability 

to transport such anion. 
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BCA are a subject of growing interest to control plant diseases as alternative inputs to 

synthetic chemicals. Biological control is the manifestation of the interaction between the 

plant (host), the pathogen, the BCA (antagonist), the microbial community on and around 

the plant and the physical environment using microorganisms that reduce or suppress 

plant diseases (Whipps and McQuilken, 2009). 

In particular, the strain 212 of P. rubens (PO212) is one of the few cases of 

Eurotiomycetes fungi that has a biocontrol effect as a living organism in which resistance 

induction and/or competition has been identified as a mechanism of action (De Cal et al., 

1995). In this work we describe a new isolate, CH8, identified as a P. rubens based on 

the sequencing of genomic sequences for several loci, including those related to 

nitrogen/nitrate metabolism, and mating type (identified as mat1-1, not shown). Here we 

discover that isolate CH8 is also a potential biocontrol agent  against F. oxysporum f.sp.

lycopersici in tomato plants. The biocontrol characteristics of CH8 are similar to those 

previously described for PO212, reducing the severity of the disease by more than 50% 

and increasing the number of leaves and the weight of stems and roots of infected plants. 

Identification of CH8 suggests that biocontrol capacity is an additional attribute of 

Penicillia and future studies will show the range of action of CH8 as BCA in other 

horticultural crops. The discovery of this strain opens the possibility to characterize new 

isolates that could display additional features allowing control of other fungal diseases 

and alternative host-plants. 

The genetic analysis of PO212 and CH8 shows that the conservation in the nucleotide 

sequence of these strains with others previously sequenced and characterized P. rubens

strains is very high. To our knowledge, no biocontrol phenomena have been described for 

the sequenced strains. In this study we focused on PO212 and studied how the correction 

of the deficiency in nitrate assimilation could affect its biocontrol capacity. 
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Complementation of nirA1 mutation allowed the evaluation of a possible role of nitrogen 

metabolism in the efficacy of PO212 against FOL1A in tomato plants. Although no 

morphological differences were found as in the case of P. griseoroseum nirA+ 

transformants (Pereira et al., 2004), the strain PO212_NirA1AM2 displayed an attenuated 

BA. The same trend was observed in consumption of nutritive solution, leaf number, and 

stem and root weight. The transformed strain reduced significantly the disease severity, 

but its efficacy levels decreased in comparison to PO212.  

The mechanisms of action of the BCAs are multiple and not mutually exclusive. Since 

soils and crops are nutrient-limited environments from a microbial point of view, 

competition between pathogens and non-pathogens for infection sites and/or nutrient 

resources has been reported to be mechanisms of action used by BCAs and can therefore 

influence the incidence and severity of disease (De Cal et al., 1995; Whipps and 

McQuilken, 2009). PO212 may act by competition or induction of host resistance because 

PO212 treatments against FOL in tomato did not reduce either soil chlamydospores or 

pathogen populations in the rhizosphere (De Cal et al., 1995). Our results suggest that the 

biocontrol phenomenon may be associated, in part, with the search for nutrients by 

PO212. It also opens the possibility that signals of peptide origin emitted by the plant or 

pathogen are considered by PO212 as alternative sources of nitrogen. This would cause 

the rupture of the signaling pathways, of the immune response or of a decrease in 

extracellular enzymes of the pathogen due to their degradation. For the future it will be 

important to determine the pattern of extracellular enzymes capable of producing PO212 

and the range of nitrogen sources it is capable of assimilating. On the other hand, 

extending these studies to CH8 will allow a more complete understanding of the 

biocontrol process as it has a different genetic background to that of the PO212 isolate. 

Exploring the genomes of PO212 and CH8 together with other P. rubens strains lacking 
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of BA will provide with specific genes or mutations that could point to the pathways 

involved in this process. The strong sequence conservation of genomic sequences found 

between these two natural isolates and other already sequenced penicillin producers 

would greatly help in this identification.  
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Figure captions 

Fig. 1. Colonial growth of P. rubens strain 212 (PO212), P. rubens (chrysogenum)

Wisconsin 54-1255 (PcWis 54-1255) and P. rubens 1AM2. (A) Comparison of colonial 

growth PO212, PcWis 54-1255 and 1AM2 strains on PDA medium and when 

supplemented with 500 mM potassium chlorate (KClO3) with or without further addtion 

of nitrate. (B) Comparison of colonial growth of PO212, PcWis 54-1255 and 1AM2 

strains on minimal medium (MM) supplemented with different mineral nitrogen sources.  

All strains were grown for 5 days at 25°C. Concentrations of nitrate, ammonium tartrate, 

ammonium chloride, nitrite and chlorate are indicated on the right of each row.  

Fig. 2. NirA regulatory pathway and nirA1 mutation in PO212 strain. (A) Schematic 

representation of the nitrate assimilation pathway in PO212. niaD, niiA and crnA genes 

encode reductase enzymes and nitrate permease, and genes coding specific, nirA, and 

general, nre1, transcriptional regulators. (B) Graphic representation of nirA1 mutation 

found in PO212. Indicated are the DNA binding domain consisting in a zinc binuclear 

cluster (Zn(II)2Cys6) and the fungal transcription factor regulatory middle homology 

region (TF MHR). nirA1, truncates NirA at position 261. 

Fig. 3. Complementation of nirA1 mutation. (A) Schematic representation of the gene 

replacement strategy for complementing the nirA1 mutation. A DNA fragment 

comprising the CDS and 5' and 3' UTRs of nirA locus from P. chyrsogenum/rubens 1AM2 

strain was used for the transformation of P. rubens strain 212 (PO212). (B) Growth tests 

showing the ability of several transformants expressing NirA1AM2 to grow on MM 

supplemented with 5 mM nitrate or 5 mM ammonium as control. All tested strains grew 

poorly on MM containing 5 mM nitrite. (C) Evaluation of the expression levels of niaD
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and niiA genes in PO212, transformant PO212_TF7 (PO212_NirA1AM2) and 1AM2 in the 

presence of nitrate and ammonium. Standard deviation bars are shown. (D) Quantification 

of nitrate reductase activity measured as production of nmoles of NO2
- per gram of fresh 

weight (FW) mycelium and per hour of reaction. Standard deviation bars are shown.  

Fig. 4. Functional, expression and localization analysis of NirA-GFP in PO212. (A) 

Scheme of the gene replacement procedure for contruction of PO212_NirA-GFP by 

replacing nirA1 mutant locus for the 1AM2-nirA gene fused to GFP coding sequence. 

The pyrG gene of A. fumigatus was used as selectable marker. 5'UTR and 3'UTRs were 

used to promote homologous recombination. (B) Growth tests of selected transformants 

putatively expressing NirA1AM2-GFP on minimal media supplemented with either 

ammonium or nitrate. Indicated are transformants #1II, #2II, #3II and #4II that were 

selected due to their ability to grow on nitrate-supplemented medium. Transformants #9II 

and #12II were also analyzed because exhibited a partial complementation of nit- 

phenotype. (C) Immunodetection analyses of NirA-GFP fusion in total protein extracts 

from transformants #12II, #9II, #1II, #2II, #3II and #4II. The band corresponding to a full 

version of NirA-GFP fusion and its deduce Mw is indicated. Arrowhead indicates a 

fragmented version of this chimera. (D) Analysis of NirA-GFP levels in the #1II 

transformant when grown in MM supplemented with ammonium or nitrate and then 

transferred to fresh media containing nitrate or ammonium, respectively. Cytoplasmic 

hexokinase enzyme used as a loading control. Chemoluminiscence intensity of each band 

was quantified and a ratio GFP/HXK is shown. (E) Visualization of NirA-GFP in 

transformant #1II. Even distribution of fluorescence along the hypha in the presence of 

ammonium and nuclear accumulation when media was replaced by MM supplemented 

with nitrate. Scale bars 5 m 
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Fig. 5. Comparative analysis of nit- phenotype of Penicillium strains and 

transformants, CH8, CH8_7, CH8_rev5, PO212, PO212_TF7, and 1AM2. (A) 

Growth tests showing the ability to use nitrate as nitrogen source by complemented or 

revertant strains. Sensivity of CH8 strain to chlorate suggest the presence of an alternative 

transport system for chlorate. Resistence of PO212 to chlorate is due to the absence of a 

funcional NirA regulator. (B) Tests showing the absence of colonial growth on medium 

containing nitrite as main nitrogen source compared to other alternative nitrogen sources 

such as proline (Pro) or urea. Combining these alternative nitrogen sources with nitrite 

allowed growth of all strains with the exception of PO212. An interpretation for this 

phenotype is given in the text.  

All strains were grown for 5 days at 25°C using MM (minimal medium) and 

supplemented with those concentrations of nitrogen sources and chlorate shown on the 

top of each column. 

Supplemental Fig. 1. Alignment of NirA sequences from 1AM2 and PcWis 54-1255. 

Indicated are the position of the DNA binding domain, and the 6 Cys conforming the zinc 

binuclear cluster. Highlighted in grey are indicated the amino acid changes found between 

both sequences. Arrows limit the fungal transcription factor regulatory middle homology 

region (F_TF_MHR) which is highly conserved among Zn(II)2Cys6 transcription factors. 

Supplemental Fig. 2. Characterization of PO212 transformants. (A) Diagram 

showing possible ways of integration of the nirA1AM2 cassette. (B) Sequences of nirA locus 

from transformants TF2, TF7 and TF9 evidencing the presence of the endogenous PO212 

nirA gene and also, at least, a copy of nirA1AM2. (C) PCR strategy to determine the 
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integration of the cassette at the endogenous nirA1 locus. Agarose gel electrophoresis of 

the amplified fragment using external oligonucleotides NirA-UP and NirA-DW. 

Amplification of a 5 kb fragment demonstrates the integrity of endogenous locus. Below 

are the chromatograms of the sequencing of fragments amplified from genomic DNA of 

TF2 and TF7 strains showing the presence of the nirA1 mutation (C to T), indicated with 

an arrow. Asterisk marks a nt that serves to identify this fragment as the endogenous nirA

locus compared to the nirA1AM2 cassette (see also panel B). (D) Quantification by qPCR 

of copy number of nirA loci in 1AM2, recipient PO212 and transformants. Quantitative 

amplification of tubulin  served as single copy gene control. Shown are normalized 

measurements to tubulin  and to endogenous PO212 nirA locus. Standard deviation bars 

are shown. 

Supplemental Fig. 3. Schematic representation of wild-type and mutant CrnA 

nitrate transporter. Models of both CrnA versions were done using the online predictor 

Protter (wlab.ethz.ch/protter) (Omasits et al., 2014). Topology prediction and number of 

TMs was done in automatic mode using Phobius and further analysed by TMPred. N- and 

C-terminal ends were predicted to have a cytoplasmic orientation. TMs are indicated with 

roman numbers. Putative N-glycosilation sites are also labeled. Ile467 is indicated 

(orange diamond) as the position at which the out-of-frame 28 amino acid mutant tail in 

CrnA1 of CH8 strain disrupts TM domain XI. Residues of mutant tail are also highlighted 

in orange. 

Supplemental Fig. 4 Molecular analysis of transformant CH8_7. On the left PCR 

analysis of CH8_7 and CH8 genomic DNA using external oligonucleotides crnA-3 and 

crnA-4. PCR analysis strategy is shown on the right. The native crnA locus was identified 
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as a 2.18 kb fragment in CH8. Presence of a 4kb band indicated the presence of a tandem 

integration of the transformation DNA cassette at the crnA locus.  
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Table 1
Penicillium rubens strains used in this work 
Strain Relevant Genotype Reference
PO212 nirA1 This work(1) and De Cal et al. 

(1995) (ATCC 201888)
PO212_18.2 pyrG1; nirA1 This work(1) and Villarino et al. 

(2016)
PO212_ NirA1AM2

(PO212_TF7)
nirA1AM2 This work

PO212_NirA1AM2-GFP nirA1AM2; GFP This work
CH8 crnA1 This work
CH8_7 crnA1; crnAPO212 This work
CH8_rev5 crnA+ This work

1AM2 prototroph (WT) Florez et al. (2007) (IPLA 33001)
PcWis 54-1255 prototroph (WT) van den Berg et al. (2008)

(ATCC 28089 / DSM 1075 / 
NRRL 1951 / Wisconsin 54-
1255) 

(1) nirA1 mutant allele identified in this work  
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Table 2
Oligonucleotides used in this work 
Primer name 5'-3' sequence Utilization

niaD-1 TTCGAGTCAATTGTGGGTATTGGA

C

PCR /sequencing of niaD

niaD-1.5 TCGTGTTGTGGGTACACAGC PCR /sequencing of niaD

niaD-2 ACTTACCATTGAGCAAGTCACCA

CCCG

PCR /sequencing of niaD

niaD-3 CAACGTGAACTCGGTGGCTGTGT

ACC

PCR /sequencing of niaD

niaD-3.5 TTGCAGTCGATCTTTGAGCC PCR /sequencing of niaD

niaD-4 CAGGATCTTAGGTGGGACGTTTG

CCACTC

PCR /sequencing of niaD

NirAPO-GSP1 CGGTCTACTCCGTATGTAACCCAC

CAAGGG

Amplification of nirA

coding sequence

NirAPO-GSP2 ACGCTGTTCATCACCAGGACTAG

AAGGCCG

Amplification of nirA

coding sequence

NirAPO-GSP3 TTGAATCCCGATGATACCTAGGT

ACAACCGG

Amplification of 3´UTR 

nirA /sequencing nirA

NirAPO-GSP4 ACCTTGATCCGCGGCAACCATGA

ATCACGC

Amplification of 3´UTR 

nirA /sequencing nirA

/Fusion PCR 

NirAPO-GFP1 CGGCCTTCTAGTCCTGGTGATGAA

CAGCGT

(GGAGCTGGTGCAGGCGCTGGAG

CC)

PCR GFP-PyrG
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NirAPO-GFP2 CCGGTTGTACCTAGGTATCATCGG

GATTCAA(GTCTGAGAGGAGGCA

CTGATGCG)

PCR GFP-PyrG

NirA-UP CAATGTTGAGACGTGGCTGGTGG

AGCG

PCR nirA locus

NirA-DW TCCACGATCTGATGGAACTATTCC

GCG

PCR nirA locus

NirAqPCRUP ACAAGTGGTACGATGGCTCTGG qPCR, determination of 

nirA copy number

NirAqPCRDW AGACATGAGATTACTGTCCTG qPCR, determination of 

nirA copy number

niiA-1A ATCAGACCGAGTGGAATGAGGC PCR /sequencing of niiA

niiA-2 TGCTAGGCTTAGAAGCTGCG PCR /sequencing of niiA

niiA-3 TAGTTCACGAGAGGAACCC PCR /sequencing of niiA

niiA-4 CCGTCGAGACGGTAGAAGT PCR /sequencing of niiA

niiA-5 GGTTGGCGTATGGGACAT PCR /sequencing of niiA

niiA-6 ATATGGTTGGGACTGGGACTGC PCR promoter/secuencing 

of promoter

crnA-1 TACCTCTACCTCAACGCTCG PCR /sequencing of crnA

crnA-2 CGCTTATACAAGAGTAGAGG PCR /sequencing of crnA

crnA-3 CCATGTGTCATGGCAAGATG PCR /sequencing of crnA

crnA-4 TGGCTGCTACTATGGAAGCG PCR /sequencing of crnA

nre-1 CCACGGTCGCCTCTATTTG PCR /sequencing of nre

nre-2 CGTCAGTCGAACCTGTCTG PCR /sequencing of nre

nre-3 CTACCAGTCTACTGTGTCG PCR /sequencing of nre
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nre-4 GCTAGCCACCACTATAATC PCR /sequencing of nre

mat-1-1 fw TGCAGCTCAAGTTCTACG PCR locus mat-1.1

mat-1-1 rv GGTTGATGAGATGTACTCCT PCR locus mat-1.1

mat-1-2 fw ATGGTGAAGTCTTCCTGCC PCR locus mat-1.2

mat-1-2 rv GGTGTCGAGCCACTCTCT PCR locus mat-1.2

PO212 actin 1 GAAATCGTCCGTGACATCAAGG qPCR actin control

PO212 actin 2 CAATGTTGCCGTAGAGATCCTTAC

GG

qPCR actin control

PO212 benA 1 TCAGCTCAACTCCGATCTTCGC qPCR tubulin control

PO212 benA 2 CTCAACCTCCTTCATGGAGACC qPCR tubulin control

niaD qPCR 1 CAGTCGATCTTTGAGCCTAGG qPCR nitrate reductase 

niaD qPCR 2 AAGGATGTATCCTGGGATACG qPCR nitrate reductase

niiA qPCR 1 GTGATCGTGGATGACAAACTCG qPCR nitrite reductase

niiA qPCR 2 AGACACTCGACCACTTGTGACC qPCR nitrite reductase
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Table 3
Genes related with nitrate metabolism in Penicillium spp. 
Locus name genebank ID PO212 gene name % Identity PO212a 

vs PcWis 54-1255b

(over genomic 

sequence)

nre

nitrogen regulator, 

areA

XM_002566290.1

probably seq error

nre1 2948/2950 (99%)

A/C and G/C

Pc21g07150, nirA

nitrate regulator

XM_002567710.1 nirA 2716/2717 (99%)

T/C mismatch 

CAA to TAA 

codon

Pc13g11410, niaD

nitrate reductase

XM_002559513.1 niaD 100% over 

2944/2944 nt

Pc13g11420, niiA

nitrite reductase

XM_002559514.1 niiA 99% over 

3699/3700 nt

C/T mismatch

Pc13g11470, crnA

nitrate transporter

XM_002559518.1 crnA 100% 1779/1779 nt

a PO212, strain 212 of Penicillium rubens, bPcWis 54-1255, strain 54-1255 of P. rubens

(chrysogenum).
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Table 4
Effect of Penicillium rubens 212 strain (PO212) and PO212_NirA1AM2 treatments on disease 
development caused by Fusarium oxysporum f. sp lycopersici (FOL1A) on tomato plants cv San 
Pedro grown in a growth chamber at 26 days after transplanting. 

Assay designation and strains used
% Disease 
severity(2) AUDPC(3)

Solution 
consumption 

(ml/plant 
day)

N 
leaves/
plant

Stem 
weight 

(g)

Root 
weight

(g)BCA(1) Pathogen 
FOL1A

PO212 + + 30.7 (1.6) c 247.12(0.4) c 6.2 b 7.1 b 14.8 b 11.8 a

PO212_NirA1AM2 + + 38.1 (1.7) b 610.9 (0.4) b 6.1 b 7.5 b 17.8 b 13.7 a

Untreated control - + 51.9 (1.8) a 749.7 (0.3) a 5.7 b 6.8 b 17.8 b 13.0 a

Untreated and 
uninoculated 
control

- - 0 (0) d 0 (1.0) d 10.4 a 8.8 a 31.6 a 13.7 a

MSwithin (0.00741) (0.00021) 1.02103 1.81382 11.1965 2.75825

Data are the mean of five replicates with four plants per replicate. Means followed by the same letter in 
each column are not significantly different (P≥0.05) according to Student-Newman-Keul´s range test. 
AUDPC is the area under disease progress curve estimated as described in Campbell and Madden (1990). 
(1) BCA, biocontrol agent (PO212 or PO212_NirA1AM2). (2) % disease severity data in parentheses were 
subjected to log10 (x+10) transformation. (3) AUDPC data in parentheses were subjected to 1/log10 (x+10) 
transformation. MSwithin is error mean square.
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Table 5
Effect of Penicillium rubens 212 strain (PO212) and CH8 treatments on disease development 
caused by Fusarium oxysporum f. sp lycopersici (FOL1A) on tomato plants cv San Pedro grown in 
a growth chamber at 20 days after transplanting. 

Assay designation and strains 
used % Disease 

severity AUDPC(2)

Solution 
consumption 

(ml/plant 
day)(3)

N
leaves/
plant

Stem 
weight (g)

Root 
weight (g)

BCA(1) Pathogen
FOL1A

PO212 + + 32.5 b 587.5 b 2.9 (11.2) b 7.1 bc 11.6 b 9.5 b
CH8 + + 26.2 b 389.4 c 2.6 (9.9) b 7.5 b 14.0 b 11.1 b
Untreated 
control 

- + 69.7 a 968.7 a 0.7 (2.8) b 6.3 c 2.9 c 4.4 c

Untreated and 
uninoculated 
control

- - 0 c 0 d 13.2 (62.3) a 11.3 a 49.2 a 26.9 a

MSwithin 256.73 30200.6 (33.81) 1.94 21.32 13.58

Data are the mean of five replicates with four plants per replicate. Means followed by the same letter in 
each column are not significantly different (P≥0.05) according to Student-Newman-Keul´s range test. (1) 
BCA, biocontrol agent (PO212 or CH8). (2) AUDPC is the area under disease progress curve estimated as 
described in Campbell and Madden (1990). (3) Solution consumption data in parentheses were subjected 
to asin (x/15) transformation. MSwithin is error mean square. 
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Highlights 

 Biocontrol activity is found in different isolates of Penicillium rubens

 High conservation of signaling, regulatory and catabolic mechanism of nitrate 

assimilation in P. rubens

 P. rubens NirA regulates expression of nitrate and nitrite reductases 

 CrnA mediates nitrate uptake in P. rubens

 Nitrate metabolism has a minority role in the PO212 biocontrol activity. 


