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ABSTRACT Asexual sporulation is the most common reproduction mode of fungi.
Most filamentous fungi have two conidiation patterns, normal conidiation and micro-
cycle conidiation, which may be regulated by nutritional conditions. Nitrogen source
can affect the fungal conidiation pattern, but the regulatory mechanism is not fully
understood. In this study, we report a C2H2 zinc finger protein, MaNCP1, which has
typical transcription factor characteristics and is screened from the subtractive library
regulated by nitrate in the entomopathogenic fungus Metarhizium acridum. MaNCP1
and its N-terminal play critical roles in the conidiation pattern shift. Further study
shows that MaNCP1 interacts with MaNmrA, which also contributes to the conidiation
pattern shift and is involved in the reductive pathway of nitric oxide (NO) synthesis.
Intriguingly, the conidiation pattern of the MaNCP1-disruption strain (AMaNCPT) can be
restored to microcycle conidiation when grown on the microcycle conidiation medium,
SYA, supplemented with NO donor or overexpressing MaNmrA in AMaNCP1. Here, we
reveal that MaNCP1 governs the conidiation pattern shift through regulating the reduc-
tive synthesis of NO by physically targeting MaNmrA in M. acridum. This work provides
new mechanistic insights into how changes in nitrogen utilization are linked to the reg-
ulation of fungal morphological changes.

IMPORTANCE Fungal conidia play important roles in the response to environmental
stimuli and evasion of the host immune system. The nitrogen source is one of the
main factors affecting shifts in fungal conidiation patterns, but the regulatory mecha-
nism involved is not fully understood. In this work, we report that the C2H2 zinc finger
protein, MaNCP1, governs the conidiation pattern shift in M. acridum by targeting the
MaNmrA gene, thereby altering the regulation of the reductive pathway for NO synthe-
sis. This work provides further insights into how the nutritional environment can regu-
late the morphogenesis of filamentous fungi.

KEYWORDS Metarhizium acridum, C2H2 zinc finger protein, MaNCP1, conidiation
pattern, MaNmrA, nitric oxide

ntomopathogenic fungi, such as Metarhizium spp., are fungi that can infect and
cause the death of their insect hosts; they play important roles in the control of ag-
ricultural pests (1). Conidia generated by asexual reproduction play an important role
in the process of fungal distribution due to their resistance to adverse environmental
conditions, host immune attack and proliferation ability (2-4). Moreover, conidia are
the main infective vectors of entomopathogenic fungi (1) and the main effective unit
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of insecticidal fungal pesticides. The production of conidia is therefore a prerequisite
for the large-scale industrial production of biocontrol fungi (1, 5-7).

Most filamentous fungi, including the model entomopathogenic fungus M. acridum,
have two conidiation patterns: normal conidiation and microcycle conidiation (8).
Furthermore, it has been shown that the microcycle conidiation exhibits a greater
potential for use in biological pest control than normal conidiation in M. acridum (9).
Normal conidiation occurs in the typical life cycle of filamentous fungi, which com-
prises conidiation after a period of vegetative growth (10). Microcycle conidiation
bypasses the vegetative hyphae and produces conidia directly from the germinated
conidia (8). Usually, shifting from the normal conidiation to the microcycle conidiation
is a survival mechanism for fungi to adapt to adverse environmental factors, including
temperature (10), pH (11), salt concentration (12) and nutrients (13). Nutrition is one of
the most important influencing factors and the two conidiation patterns are intercon-
vertible under different nutrition conditions in many fungi (14). Changing the content
of nitrogen source (nitrate) in the microcycle conidiation medium, SYA, can shift the
conidiation pattern of M. acridum to normal (15), although the underlying mechanism
is still unclear. Therefore, elucidating how changes in nutrient nitrate conditions can
drive shifts in the conidiation pattern should provide further insights into the regula-
tory roles of nitrogen utilization in fungal morphogenesis.

Nitrogen is necessary for the growth of fungi, which preferentially use nitrogen
sources such as ammonium and glutamine, but can use alternative sources, such as ni-
trate, urea, guanidine and pyrimidine where ammonium and glutamine are absent
(16). This nitrogen source selection, called nitrogen catabolite repression (NCR), is
mainly mediated by AreA, a GATA transcription factor in A. nidulans (17). NmrA, a mem-
ber of the short-chain dehydrogenase reductase superfamily, is a core regulator gene
in the NCR pathway that affects fungal nitrogen metabolism (18, 19) by interacting
with and inhibiting the activity of AreA (20). The expression level of NmrA increases
with sufficient nitrogen availability but decreases under nitrogen starvation (19). NmrA
is also regulated by the bZIP transcription factor MeaB (21), which can work with AreA
synergistically or independently in the NCR pathway (19). Three NmrA homologous
proteins, Nmr1, Nmr2 and Nmr3 have been characterized in Magnaporthe oryzae,
which can bind to NADP* and are regulated by the NADPH sensor protein Tps1 (22),
which could trigger carbon catabolite repression (CCR) via the inactivation of Nmr1-3
in a mechanism independent of Nut1, an AreA homologous protein (23). In Aspergillus
nidulans, NmrA, together with AreA and AreB (another GATA transcription factor), neg-
atively regulate arginine catabolism in response to nitrogen and carbon source (24).
Furthermore, NmrA appears to be involved in sclerotia formation, conidiation, viru-
lence and aflatoxin biosynthesis in A. flavus (25).

Nitric oxide (NO), as a signaling molecule, plays important roles in many biological
processes (26). NO can be produced via the reductive pathway, in which nitrate is
reduced by nitrate reductase (NR), or the oxidative pathway, where L-arginine is oxi-
dized by nitric oxide synthase (NOS) (26). However, no clear homologs to NOS have
been identified in fungi where the NO production apparently mainly occurs via the
reductive pathway (26, 27). NO can be detected in many filamentous fungi, such as
Neurospora crassa (28), Phycomyces blakesleeanus (29), Colletotrichum coccodes (30),
Blastocladiella emersonii (31), Coniothyrium minitans (32) and Fusarium graminearum
(33). Previous studies have shown that exogenous NO can inhibit the light-induced
conidiation in N. crassa (28) and A. nidulans (34). In C. minitans, NO is accumulated
heavily during the formation of conidia (35) and regulates the conidiation through the
cGMP signaling pathway (31, 35). However, the regulation of NO production during
fungal conidiation remains largely uncharacterized.

To reveal the molecular components involved in transducing nitrate effects on the
conidiation pattern in M. acridum, a differential expression library regulated by nitrate
was constructed (15). A C2H2 zinc finger protein MAC_04326 with transcriptional factor ac-
tivity was identified from this library and denominated MaNCP1 (M. acridum nitrate-related
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conidiation pattern shift regulatory factor 1). In M. oryzae, MGG_07339 (the homologue of
MaNCP1T) is involved in regulating the conidiation and virulence on rice seedlings (36). In
this study, we found that MaNCP1 governs the conidiation pattern shift through regu-
lating the reductive pathway for NO synthesis via physical interaction with the
MaNmrA gene in M. acridum. These results provide insights into the regulatory mo-
lecular network linking changes in nitrate metabolism with shifts in conidiation pat-
terns of filamentous fungi.

RESULTS

MaNCP1 contributes to the conidiation pattern shift. To explore the regulatory
roles of genes mediated by nitrate in regulating the conidiation pattern shift, eight
putative transcriptional factor genes were screened from the differential expression
library regulated by nitrate (15) and further verified by quantitative reverse-transcrip-
tion PCR (qRT-PCR). The results showed that MAC_02692, MAC_04326 and MAC_03846
were specifically upregulated in SYA+N medium (Fig. S1A), which were consistent
with the transcriptome data. However, no further evidence for a role for either
MAC_02692 or MAC_03846 in the conidiation pattern shift was observed (Fig. S1B). In
contrast, the deletion of MAC_04326 (MaNCP1) to produce the strain AMaNCP1 led to
the normal conidiation of M. acridum, which could be restored to microcycle conidia-
tion by reintroducing the MaNCP1 cassette into AMaNCP1 on SYA medium (Fig. S1C,
and S2A-C). In addition, the deletion of MaNCPT resulted in an increasing number of
septa (Fig. S3A and B), longer hyphae (Fig. S3A and C) and an abnormal distribution
of Spitzenkorper in the hypha apex (arrows in Fig. S3D), indicating MaNCP1 was
involved in hyphal polar growth.

MaNCP1 encodes a C2H2 zinc finger domain protein of 756 amino acid residues, with
a predicted molecular mass of 84.95 kDa and an isoelectric point of 6.35. The MaNCP1
protein contains two predicted nuclear localization signals, three C2H2-type zinc fin-
gers in the N-terminal and a further two C2H2-type zinc fingers in the C-terminal
(Fig. 1A). The homologous zinc finger proteins are also found in other filamentous
fungi (Fig. S4A) and the zinc fingers are highly similar to each other (Fig. S4B). Further
phylogenetic analysis and multiple sequence alignments show that MaNCP1 is rela-
tively close in evolution to filamentous fungi but far from yeast (Fig. S4C and S5). A
transcriptional activity assay indicated that MaNCP1 has transcriptional activation
ability (Fig. 1B). Furthermore, the MaNCP1::eGFP fusion protein locates in the nucleus
(Fig. 1C). Thus, MaNCP1 has typical characteristics of a transcriptional factor.

To further observe the influence of the different zinc finger domains on the conidia-
tion pattern shift, the domain deletion mutants MaNCP12¥, MaNCP14¢, and MaNCP14V+¢
were obtained (Fig. S2D and E). It showed that the conidiation pattern of the MaNCP14¢
strain was similar to the WT, while the MaNCP14V strain was similar to the AMaNCP1
when grown on SYA (Fig. 1D). In addition, the C-terminal truncated MaNCP1 strain (Mut)
was constructed and exhibited microcycle conidiation on SYA, which was similar to the
WT strain (Fig. 1E) and demonstrates a greater contribution of the N-terminal of MaNCP1
to the conidiation pattern shift than that of the C-terminal.

MaNmrA is a direct target gene of MaNCP1 during the conidiation pattern shift.
To reveal the functions of MaNCP1 in regulating the conidiation pattern shift, RNA-seq
was performed to search the differentially expressed genes (DEGs) between the WT
and AMaNCP1 strains. Although the expression level of MaNCP1 was highest at 21 h
(Fig. S6A), the samples of AMaNCP1 and WT strains were collected at 18 h for RNA-seq
analysis, the earliest time point of observable difference in the conidiation pattern. A
total of 9,552 genes were mapped to the M. acridum genome and there were 95 DEGs
in AMaNCP1-vs-WT (Fig. S7A; Table S1), and these DEGs were involved in a variety of
cellular processes and metabolic pathways (Fig. S7B and S7C). Furthermore, all the ran-
domly selected DEGs exhibited a similar expression pattern to that observed in their re-
spective DEG data (Fig. S6D), indicating that the RNA-seq data was reliable.

Moreover, MaNCP1 was screened from the differential expression library regulated
by nitrate, and MAC_02196, an NmrA family member gene, was selected from the RNA-
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FIG 1 The N-terminal zinc fingers of MaNCP1 play important roles in the conidiation pattern shift. (A) Structural features of MaNCP1. (B) Autoactivation
testing of MaNCP1 using the yeast two-hybrid assay. The empty vector, pGBKT7, was used as a negative control and pGBKT7-53 and pGADT7-T were used
as a positive control. (C) MaNCP1::eGFP subcellular localization. (D) Conidiation patterns of the WT, AMaNCP1, MaNCP14N (the N-terminal C2H2 zinc fingers
deletion mutant), MaNCP14¢ (The C-terminal C2H2 zinc fingers deletion mutant) and MaNCP14"*¢ (The combined N- and C-terminal C2H2 zinc fingers
deletion mutant) strains grown on SYA at 28°C for hours. (E) Conidiation pattern of the truncated protein Mut strain without the C-terminal of MaNCP1.
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seq DEG data to be characterized (Fig. S7D). Unfortunately, there was no obvious dif-
ference in conidiation pattern between the AMAC_02796 and WT strains (Fig. S6B and
Q). Thus, we speculated whether other genes in the NCR pathway may be regulated by
MaNCP1. Subsequently, three core genes of the NCR pathway of M. acridum, MaAreA
(MAC_00939) (Fig. S8A and B), MaAreB (MAC_07065) (37) and MaNmrA (MAC_00749)
(38) were selected for further analyses. A qRT-PCR analysis of the expression of these
genes in AMaNCP1 versus WT on SYA medium (Fig. 2A) showed that the whereas the
expression of MaAreA in AMaNCP1 was about 0.7 times of the WT at 18 h and MaAreB
was about 0.8 times of the WT at 24 h, the expression of MaNmrA was reduced to ca.
0.05 times and 0.14 times of the WT at 18 h and 24 h, respectively. Furthermore, after
the disruption of these three genes, only the conidiation pattern of the MaNmrA-dis-
ruption strain (AMaNmrA) was shifted to normal conidiation (Fig. 2B), similar to that
observed in AMaNCP1. Moreover, the promoter of MaNmrA contained the putative
binding site of MaNCP1 (Fig. 2C). Yeast one-hybrid assay showed that the recombinant
yeast Y187 (pGADT7-MaNCP1xpHIS2-MaNmrA) could grow on TDO plates with the
optimal concentration of 3-AT (55 mM) (Fig. S8C and Fig. 2D), indicating that MaNmrA
was a direct target gene of MaNCP1. Moreover, the N-terminal of MaNCP1 (228 aa) was
expressed in E. coli (Fig. S8D and E) and an electrophoretic mobility shift assay (EMSA)
demonstrated that the N-terminal of MaNCP1 could specifically recognize the pro-
moter of MaNmrA (Fig. 2E). Taken together, the data indicates that MaNCP1 may regu-
late the conidiation pattern by control of MaNmrA.

MaNCP1 and MaNmrA regulate the reductive pathway of NO synthesis. NmrA
plays an important role in regulating the reductive pathway of NO synthesis, that is, the
nitrate assimilation process (18, 19). Therefore, we tested whether MaNCP1 also affected
the reductive synthesis of NO. The transcription level of MaNCP1 was significantly
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FIG 2 MaNmrA is a direct target gene of MaNCP1. (A) Relative expression analysis of MaAreA, MaAreB and MaNmrA. Fungal samples for gRT-PCR were
collected at 12, 18 and 24 h of culture on SYA medium at 28°C. n.s. no significant difference, P > 0.05. **, P < 0.01; ***, P < 0.001. (B) Conidiation
pattern of the MaAreA, MaAreB and MaNmrA mutants grown on SYA media. (C) Prediction of the putative MaNCP1 binding site in cis-elements present
in the promoters of potential downstream target genes of MaNCP1 were identified using the JASPAR 2020 database (54). (D) Yeast one-hybrid assay
on TDO, SD/-Leu/-Trp/-His plates. 55 mM 3-AT was added into TDO plate. pHIS2-p53 and pGADT7-p53 acted as the positive control. pHIS2 and
PGADT7-MaNCP1 or pGADT7 and pHIS2-MaNmrA acted as the negative control. (E) EMSA of MaNCP1 interaction with its putative binding site in MaNmrA.
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upregulated in SYA+N medium (Fig. 3A). The nitrate content in the AMaNCP1 strain was
significantly higher than that in the WT or CP strain (Fig. 3B). qRT-PCR analysis showed
that the gene expression levels of the nitrate transporter, MaNrtB (MAC_03189), nitrate
reductase, MaNR (MAC_08624) and nitrite reductase, MaNiR (MAC_03493), which play im-
portant roles in the process of nitrate assimilation (Fig. 3C), were significantly lower in
AMaNCP1 relative to the WT (Fig. 3D). Moreover, NR and NiR activities and the ammo-
nium content in the AMaNCP1 strain were significantly reduced (Fig. 3E and F). The
expression of a series of genes functionally involved in the process of ammonium assimi-
lation were subsequently analyzed. Whereas no significant difference was observed in
the expression levels of MaApe2 (MAC_03007) and MaGS2 (MAC_06858), the genes
MaApel (MAC_05564), MaGS1 (MAC_01108), MaGOGAT (MAC_00032), MaGDH1
(MAC_08384) and MaGDH2 (MAC_01648), were significantly downregulated, while MaGS3
(MAC_04461) was significantly upregulated (Fig. 3G and H). Similarly, the expression of
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FIG 3 Deletion of MaNCP1 affects the reductive pathway of nitrogen utilization and NO synthesis. (A) Relative expression of MaNCP1 in WT strain under
SYA and SYA-+N conditions. (B) Determination of the nitrate content in the WT, AMaNCP1 and CP strains. (C) Schematic diagram of the nitrate assimilation
pathway. (D) Relative expression of MaNrtB, MaNR and MaNiR in the AMaNCP1 background. (E) Determination of the NR and NiR activities in the WT,
AMaNCP1 and CP strains. (F) Determination of the ammonium content in the WT, AMaNCP1 and CP strains. (G) Schematic diagram of the ammonium
assimilation pathway. (H) Relative expression of genes related to ammonium assimilation in the AMaNCP1 background. All fungal samples were grown on
SYA at 28°C for 24 h. CP, the AMaNCP1 complementary strain. n.s. no significant difference, P > 0.05. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

MaNmrA was also significantly upregulated in SYA+N media (Fig. 4A). Furthermore, the
nitrate content in the AMaNmrA strain was higher than that in WT or CP-1 (the
AMaNmrA complementary strain; Fig. 4B) and the expression levels of MaNrtB, MaNR
and MaNiR, as well as the activities of NR and NiR in the AMaNmrA background were sig-
nificantly reduced (Fig. 4C and D). However, the ammonium content in the AMaNmrA
strain was higher (Fig. 4E) and genes involved in ammonium assimilation were also up-
regulated in the AMaNmrA background, except for MaGOGAT, which was not signifi-
cantly different from that observed in the WT (Fig. 4F).
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FIG 4 Deletion of MaNmrA affects the reductive pathway of NO synthesis and nitrogen utilization. (A) Relative expression of MaNmrA in the WT strain
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in the AMaNmrA background. All fungal samples were grown on SYA at 28°C for 24 h. n.s. no significant difference, P > 0.05. *, P < 0.05; **, P < 0.01;

*** P < 0.001.

NO is involved in the regulation of conidiation pattern shift. NO is an important
signal molecule involved in the fungal adaptation to adverse environmental conditions
(39), fungal virulence (33, 40-42), and conidial production (27, 32, 34, 35). Therefore, we
tested whether the conidiation pattern shift regulated by MaNCP1 occurred with altera-
tions to the NO content in M. acridum. The inhibition rate of the AMaNCPT1 strain was sig-
nificantly lower than that of the WT or CP strain grown on SYA supplemented with the
NO donor, sodium nitroprusside (SNP) (Fig. 5A and B), and the NO content of AMaNCP1
strain was significantly lower than that of the WT or CP strain at 18 h and 24 h (Fig. 5C).
To investigate the effect of the oxidative synthesis pathway of NO on the conidiation pat-
tern regulated by MaNCP1, supplements L-arginine (the substrate), L-citrulline (a product)
and SNP were added into SYA media, and it showed that only SNP supplements could
restore microcycle conidiation in the AMaNCP1 strain (Fig. 5D). The flavohemoglobin
gene FhbA can promote the conversion of NO to nitrate in A. nidulans (43). Disruption of
MaNCP1 led to significant increases in the expression levels of two flavohemoglobin
genes: MaFhb1 (MAC_06853) at 12 h and MaFhb2 (MAC_09730) at all tested time points
(Fig. 5E). Similarly, the conidiation pattern of the AMaNmrA strain could be restored to
microcycle conidiation when the AMaNmrA strain was grown on SYA medium with SNP
(Fig. 6A), and the NO content was also significantly decreased in the AMaNmrA strain
(Fig. 6B). The expression levels of MaFhb1 and MaFhb2 were significantly increased at the
different time points in the AMaNmrA background (Fig. 6C).

May/June 2022 Volume 10 Issue 3

10.1128/spectrum.00538-22 7


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00538-22

Nitrate Regulates Fungal Conidiation Pattern Shift Microbiology Spectrum

AMaNCP1 B 60 : 127 mwr o amancer mcp
g g
< =)
240 208
] §
-] g
=
% 20 304 b
> = -
L s
0.0
WT AMaNCP1 CP 18h 2ah

m

D L-Arginine——L-Citrulline + NO MaFhb1

24 h 30h %) mwr
X - 2] I AMaNCP1 *k
2 » ‘ ) \ i *k I
% , N [

18 h 21h

SYA
Relative expression
>

5
3
ek
)
= 2
£ 1
2 0
< 12h 18h 24 h
-
+
MaFhb2
(0] 25, BWT
£ W AMaNCP1 fad
= c *k
2 o
:"E .g 2.0 .
S 515
¥ g
)
L0
2
o S
]
% 05
¥
0.0
12h 18h 24h

FIG 5 NO regulates the conidiation pattern shift in AMaNCP1 strain. (A, B) Growth and inhibition rates of the WT,
AMaNCP1 and CP strains grown on SYA without or with SNP. (C) Determination of the NO content in the fungal strains
on SYA medium over time. (D) Conidiation pattern of the AMaNCP1 strain grown on SYA medium supplemented with
2 mM L-Arginine, 2 mM L-Citrulline or 3 mM SNP. A schematic diagram of the arginine metabolism pathway is
presented above. (E) Relative expression of MaFhb1 and MaFhb2 in the WT and AMaNCP1 strains cultured on SYA over
time. n.s. no significant difference, P > 0.05. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Overexpressing MaNmrA in the AMaNCP1 strain can restore the shift to microcycle
conidiation on SYA medium. To further verify whether MaNCP1 regulates the conidia-
tion pattern shift through its binding to MaNmrA, the MaNmrA gene was overex-
pressed in the AMaNCP1 strain, AMaNCP1/MaNmrA®t where the conidiation pattern
was observed to be similar to that of the WT strain (Fig. 7A). The expression of
MaNmrA in the AMaNCP1/MaNmrA®E strain was significantly higher than that in the
AMaNCP1 strain (Fig. 7B). Moreover, the NO content in the AMaNCP1/MaNmrACE strain
was significantly increased compared to the AMaNCP1 strain (Fig. 7C). Furthermore,
the activities of MaNR and MaNiR (Fig. 7D) and the expression levels of MaNR and
MaNiR (Fig. 7E) were significantly increased in the AMaNCP1/MaNmrA®E strain. Taken
together, the data indicate that overexpressing MaNmrA in the AMaNCP1 strain can
promote nitrate assimilation to increase the intracellular NO content, leading to the
restoration of microcycle conidiation.

In summary, MaNCP1 is activated by nitrate and binds to MaNmrA to promote ni-
trate assimilation and the increase in intracellular NO content, leading to microcycle
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conidiation of M. acridum on SYA medium (Fig. 8A). In support, MaNCP1 gene disrup-
tion leads to a significantly reduced expression of MaNmrA, with consequent impair-
ment to nitrate assimilation and a significant decrease in NO content, resulting in the
onset of normal conidiation of M. acridum on SYA medium (Fig. 8B).

DISCUSSION

The conidial production of filamentous fungi is one of the most critical stages in
their life cycle and plays important roles in the continued reproduction of the species
and the maintenance of ecological diversity (2, 44). Here, we have studied the regula-
tory pathway governing the shift in conidiation pattern in response to nitrate in the
model entomopathogenic fungus, M. acridum. MaNCP1, a protein with multiple C2H2
zinc finger domains, was found to mediate the reductive pathway of NO synthesis,
namely, the nitrate assimilation pathway, to regulate the conidiation pattern in M. acri-
dum. This study offers insights into novel technical means for improving the productiv-
ity of mycoinsecticides.

To date, homologs of MaNCP1 have not been reported in entomopathogenic fungi.
The MaNCP1 protein contains similar domains to the mammalian lkaros family members
(Ikaros, Aiolos, Helios, Eos, and Pegasus), which all contain two C2H2 domain clusters: an
N-terminal cluster composed of 3-4 zinc fingers and a C-terminal cluster containing 2
zinc fingers (45). In general, the N-terminal zinc fingers of the lkaros family proteins are
involved in binding to the DNA of target genes, while the C-terminal zinc fingers mediate
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protein-protein interactions (45, 46). Here, our results show that MaNCP1 has the typical
characteristics of a transcription factor, and that the N-terminal of MaNCP1 protein is
involved in the conidiation pattern shift. MaNmrA, a core gene in the NCR pathway, which
also regulates the conidiation pattern shift of M. acridum, was identified in a screen for
downstream target genes and was subsequently confirmed as a direct downstream tar-
get gene of MaNCP1. The NCR pathway is involved in regulating the expression of genes
related to the assimilation and catabolism of multiple nitrogen sources (47). It has been
reported that the core regulators in NCR pathway are not only involved in arginine me-
tabolism (24), but also regulate the expression of nitrate reductase and nitrite reductase
to promote nitrate assimilation (48) which, in fungi mainly involves the reductive pathway
of NO synthesis.

The signaling molecule, NO, is involved in many fungal biological processes, such
as in the adaptation of S. cerevisiae to adverse environmental conditions (39), the for-
mation of appressoria in Blumeria graminis (40), and the development of conidia in
N. crassa (28) and C. minitans (35). The reductive pathway of NO synthesis, namely, ni-
trate assimilation pathway, is a major pathway for producing NO in fungi, which has
been confirmed in A. nidulans (27). In this study, we found that the transcription of the
nitrate transporter encoding gene MaNrtB was significantly downregulated in
AMaNCP1 and AMaNmrA strains, suggesting a reduced import of nitrate. Nevertheless,
the nitrate contents in the AMaNCP1 and AMaNmrA strains were significantly higher
than that in the WT or CP strains, indicating that the nitrate catabolism was
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FIG 8 Schematic model of how MaNCP1 governs the conidiation pattern shift by regulating the nitrate metabolism in M. acridum. (A)
MaNCP1 is involved in the nitrate assimilation pathway (the reductive pathway of NO synthesis) by binding to MaNmrA to promote
the activities of key enzymes, such as nitrate reductase NR and nitrite reductase NiR, and the expression of their encoding genes to
increase the intracellular NO content, leading to microcycle conidiation of M. acridum when grown on SYA medium. (B) Disruption of
the MaNCP1 gene significantly reduces the expression level of MaNmrA and impairs the nitrate assimilation to significantly decrease
the intracellular NO content, resulting in the normal conidiation pattern in M. acridum when grown on SYA medium. The red fork
indicates the deletion of the MaNCP1 gene. The green arrows indicate positive regulation, blue arrows indicate biosynthesis and
metabolic pathways. The red arrows indicate an increase or decrease in NR/NiR activity, the expression level of MaNmrA or the
contents of nitrate, ammonium and NO in the absence of MaNCP1.

significantly impaired in the absence of functional MaNCP1 or MaNmrA genes in M.
acridum. Consistently, the relative expression levels of MaNR and MaNiR, the activities
of NR and NiR and the NO contents were significantly decreased in both the AMaNCP1
and AMaNmrA strains. In addition, deletion of either MaNCP1 or MaNmrA affected the
ammonium assimilation, but the ammonium contents and the expression trends of
key genes involved in ammonium assimilation were opposite, indicating that MaNCP1
and MaNmrA played different roles in ammonium assimilation. It also indicated that the
conidiation pattern shift regulated by MaNCP1 and MaNmrA may be mainly mediated by
the assimilation of nitrate, rather than ammonium. Furthermore, flavohemoglobin may
be a further factor responsible for initiating changes in NO contents, since flavohemoglo-
bin can catalyze the conversion of NO to produce nitrate and/or nitrite, thereby prevent-
ing nitrooxidative stress in cells caused by excessive NO accumulation (43, 49, 50). Here,
we found that the flavohemoglobin gene, MaFhb2, was upregulated in the absence of
MaNCP1, while both MaFhb1 and MaFhb2 were upregulated in the absence of MaNmrA.
Furthermore, studies have shown that the synthesis of NO in filamentous fungi can be
independent of the NOS oxidative pathway (51), and an arginine-dependent biochemical
route of NO synthesis, similar to that involving NOS, has recently been reported to be
active in A. nidulans (52). However, we found that the conidiation pattern of AMaNCP1
strain could not be restored when L-arginine or L-citrulline, the substrate and a product
in the oxidative synthesis pathway of NO, were added to SYA medium, indicating that
L-arginine metabolism plays a negligible role in regulating MaNCP1- mediated conidia-
tion pattern shift. Nevertheless, we cannot rule out a role for an oxidative synthesis
pathway in NO production during the conidiation pattern shift simply because no NOS
homologues have not been identified in fungal genomes (41). Moreover, it was found
that the overexpression of MaNmrA in the AMaNCP1 strain could restore microcycle
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conidiation pattern and WT levels of NO content. This indicated that MaNCP1 regulated
the conidiation pattern shift through affecting the reductive synthesis of NO by bind-
ing on MaNmrA.

Due to a lack of any obvious DNA binding sequence, NmrA must bind to some tran-
scription factors to regulate the expression of downstream target genes. Under nitro-
gen sufficiency, NmrA can bind to the AreA protein, a core GATA transcription factor in
the NCR pathway, to inhibit the expression of genes involved in nitrate assimilation
(16, 19). Under nitrogen starvation, NIT-4, a homolog of the pathway-specific transcrip-
tion factor, NirA, has also been confirmed as a downstream target gene of NmrA in
N. crassa (53). In addition, the M. oryzae NmrA homologues can also interact with the
other GATA transcription factors, PAS1 and ASD4 (22). Therefore, the targeted tran-
scription factors interacting with NmrA might differ under different conditions. In this
study, we have confirmed that the expression of MaNmrA was significantly downregu-
lated in the absence of MaNCPT and the activity of key enzymes, NR and NiR, together
with the expression of their encoding genes both decreased in the AMaNCP1 and
AMaNmrA strains that grown on SYA media. However, the culture conditions used in
this study did not provide typical nitrogen repressed or de-repressive environments. In
fact, the M. acridum WT strain on SYA medium did not exhibit the typical de-repression
status in the NR and NiR activity assays (Fig. S9), implying that the selection of nitrogen
source for use involved a more complex regulatory mechanism. Furthermore, the dele-
tion of MaAreA did not affect the conidiation pattern of M. acridum on SYA medium.
We therefore reasoned that NmrA plays a central role in regulating conidiation pattern
shift on SYA medium, and that this functions independently of AreA. Thus, we postu-
late that NmrA may interact with alternative transcription factor(s) to activate nitrate
catabolism during the conidiation pattern shift in M. acridum. Further research is now
needed to identify the transcription factor(s) involved downstream of NmrA in the reg-
ulation of the conidiation pattern shift on SYA medium.

MATERIALS AND METHODS

Strains and culture conditions. All mutants were generated from the wild-type M. acridum strain
CQMa102 (WT) and grown on 1/4 SDAY media (10%o glucose, 5%o yeast extract, 2.5%o peptone and 18%o
agar, wt/vol) or SYA media (5%o yeast extract, 0.5%o KCl, 1%o0 KH,PO,, 30%o sucrose, 0.5%0 MgSO,, 3%o
NaNO,, 0.01%o MnSO,, 0.01%o0 FeSO, and 18%. agar, wt/vol) at 28°C. The Y2HGold and Y187 yeast strains
(Clontech, Palo Alto, CA, USA) were used in the autoactivation and yeast one-hybrid assays, respectively.
Escherichia coli DH5« (Solarbio, Beijing, China) and Agrobacterium tumefaciens AGL1 (Solarbio, Beijing,
China) were used for the recombinant plasmid manipulations and fungal transformations, respectively.

Bioinformatics analyses. All protein sequences used in this study were retrieved and downloaded from
the NCBI genome database. cNLS mapper (https://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) was
used to predict the nuclear localization signal. Multiple sequence alignments were conducted with DNAMAN
software (version 7). MEGA6.0 was used to construct the Neighbor-joining phylogenetic tree using the default
settings with 1000 bootstrap replicates. The JASPAR 2020 database (http://jaspar.genereg.net/) (54) was used
to analyze the putative binding sites of MaNCP1.

Constructions of the mutants. To construct the MaNCP1-disruption vectors pK2-SM-MaNCP1-F and
pK2-SM-MaNCP1-R (Fig. S2A), about 1,200-bp up- and downstream fragments of MaNCP1 were amplified
from the genomic DNA of WT strain, followed by ligating into pK2-SM-F and pK2-SM-R vectors as
described previously (55). The MaAreB- and MaNmrA-disruption strains were constructed previously (37,
38). The constructions of the disruption vectors of MAC_02692, MAC_03846, MAC_02196 and MaAreA
were made similar to that of MaNCP1. To construct the MaNCP1 complementary vector pK2-MaNCP1-sur
(Fig. S2B), a 2,482-bp DNA sequence of MaNCP1 with its adjacent 1,200-bp upstream fragment and a
1,200-bp downstream fragment were amplified to insert into pK2-Sur vector (56). To further explore the
functions of the two clusters of zinc finger domains in MaNCP1, fusion PCR was used to amplify the
C2H2 zinc fingers domain deletion fragments (the details were addressed in Table S2 and S3), which
were ligated into pK2-SM-F, and about a 1.3 kb fragment at the 3’ flanking of MaNCP1 gene was ampli-
fied and inserted into the PK2-SM-R vector. These recombinant plasmids were used to screen the C2H2
zinc fingers domain deletion mutants (Fig. S2D). The N- and C-terminal zinc finger cluster mutants were
labeled as MaNCP14" and MaNCP14¢, respectively. The combined N- and C-terminal zinc finger cluster
deletion mutant was marked as MaNCP12"*€, To determine the subcellular localization of MaNCP1, the
overexpression vector pK2-pgpdA-MaNCP1-eGFP-sur was constructed. A 2,479-bp DNA sequence of
MaNCP1 was amplified with primers MaNCP1-OF/MaNCP1-OR and inserted into pK2-pgpdA-eGFP-sur vec-
tor, which carried a constitutive promoter pgpdA and an enhanced green fluorescent protein (eGFP). To
overexpress the MaNmrA gene in the AMaNCP1 strain, a 1,383-bp DNA fragment of MaNmrA and pgpdA
promoter were cloned and inserted into pK2-Nat (57), which harbors a Nat cassette, to form the MaNmrA
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overexpression vector pK2-pgpdA-MaNmrA-Nat. The recombinant plasmids were transferred into AGL1 for
fungal transformation. Knockout transformants (e.g., AMaNCP1) were selected on Czapek-dox agar (CZA)
media with 500 pwg/mL glufosinate-ammonium (Sigma, St. Louis, MO, USA). The complementary (CP) and
overexpression transformants were screened on CZA media with 20 wg/mL chlorimuron ethyl (Sigma,
Bellefonte, PA, USA) or 75 wg/mL nourseothricin sulfate (Harveybio, Beijing, China). Transformants were
identified by PCR and Southern blotting with DIG High Prime DNA Labeling and Detection Starter Kit |
(Roche, Basel, Switzerland) (Fig. S2C and E). Primers used in this study are listed in Table S3.

Microscopic observation of the conidiation pattern. The fresh and mature conidia (15-day-old) of
fungal strains grown on 1/4SDAY media were collected to prepare the conidial suspensions (107 coni-
dia/mL). An aliquot of 100 uL conidial suspension of each fungal strain was spread evenly onto SYA
plate and cultured at 28°C for several hours, followed by cutting about 1 cm? media contained the fun-
gal cultures to observe the fungal growth. Images were taken with a digital light microscope (MOTIC,
Xiamen, China).

Analyses of hyphal polar growth and subcellular localization. To determine the number and the
length of hyphal cells, the hyphae of the WT, AMaNCP1 and CP strains grown on SYA plates were stained
with calcofluor white (CFW) after 14 h of culture, followed by incubating at room temperature for 20-
30 min and photographing with a fluorescence microscope (Nikon Y-TV55, Tokyo, Japan). To observe
the hyphal polar growth, hyphae were stained with FM4-64 (Invitrogen, Waltham, MA, USA) as described
previously (58). For the subcellular localization of MaNCP1, the MaNCP1::eGFP-overexpression strain was
cultured on SYA and visualized through fluorescence microscopy.

Transcriptional activity assay. A 2,271-bp cDNA fragment encoding MaNCP1 was cloned with the
primer pair of MaNCP1-F/MaNCP1-R (Table S3 in the online supplemental material) and ligated into the
yeast expression vector pGBKT7 to form the recombinant plasmid pGBKT7-MaNCP1, followed by trans-
forming into the yeast strain Y2HGold. The positive transformants were spread on an SD/-Trp solid plate
containing 25 ug/mL X-a-Gal and 125 ng/mL Aureobasidin A (AbA) (i.e., SD/-Trp/X-a-Gal/AbA) to deter-
mine whether MaNCP1 has autoactivation activity, according to the Yeastmaker Gold Yeast Two-Hybrid
System User Manual (Clontech).

Yeast one-hybrid assay. The cDNA encoding MaNCP1 was amplified and ligated into pGADT7 vec-
tor to construct the recombinant plasmid pGADT7-MaNCP1. The promoter sequence of MaNmrA was
amplified and ligated into the pHIS2 vector to generate pHIS2-MaNmrA, followed by transferring into
the Y187 strain to construct Y187 (pHIS2-MaNmrA) and spreading on the selective media lacking trypto-
phan and histidine (SD/-Trp/-His) with different concentration of 3-Amino-1,2,4-triazole (3-AT), a compet-
itive inhibitor of HIS3 expression products, to suppress the leakage expression of HIS3 products at the
background level and eliminate false positives. Then, pGADT7-MaNCP1 and pHIS2-MaNmrA were
co-transformed into the Y187 and spotted on the selective medium lacking leucine, tryptophan and
histidine (SD/-Leu/-Trp/-His) with or without 3-AT to observe the growth of the yeast. The preparation
and transformation of yeast competent cells were conducted according to the Yeastmaker Yeast
Transformation System2 User Manual (Clontech). Y187 cells transformed with pGADT7-53 and pHIS2-53
vectors was used as the positive control. Y187 cells transformed with empty pHIS2 and pGADT7-
MaNCP1 or empty pGADT7 and pHIS2-MaNmrA vectors were used as the negative control.

EMSA analysis. The cDNA sequence of the zinc finger cluster at the N-terminal of MaNCP1 was sub-
cloned and ligated into the expression vector pCold-MBP-TEV to construct the fusion recombinant plasmid
pCold-MaNCP1-N. The expressed protein MaNCP1-N was purified by AKTA prime plus protein purification
system (GE Healthcare, Stockholm, Sweden), followed by concentration and de-salting in a 30-kDa cutoff
ultrafiltration tube (Millipore Amicon). The promoter region of MaNmrA, containing a putative binding site
for MNNCP1 was amplified with primers Probe-F/Probe-R (Table S3) to produce a 110 bp probe which, was
labeled with biotin via the EMSA Probe Biotin Labeling Kit (Beyotime, Shanghai, China) (59). The
Chemiluminescent EMSA kit (Beyotime, Shanghai, China) was used for the EMSA (59). The unlabeled probe
was added in a 100-fold excess.

qRT-PCR assay. Total RNAs were isolated from conidia and/or hyphae of the WT or AMaNCP1
strain. To further confirm the expression patterns of MAC_00186, MAC_08242, MAC_02692, MAC_03472,
MAC_03846, MAC_03700, MAC_04326 and MAC_06473 in the transcriptome data previously (15), sam-
ples of the WT strain were collected after growing on the 1/4SDAY, SYA, SYA+Nitrate (SYA+N),
SYA+Sucrose (SYA+C) or SYA+Phosphate (SYA+P) plates at 28°C for 21 h. To analyze the expression
of MaAreA, MaAreB, MaNmrA, MaNrtB, MaNR, MaNiR, MaFhb1, MaFhb2, etc., fungal samples were har-
vested from SYA at different time points between 0 and 24 h. Total RNA extraction and cDNA synthesis
were performed as per the manufacturer’s instructions using Fungal RNA Kit (OMEGA, USA) and
PrimeScript RT reagent kit with genomic DNA Eraser (TaKaRa, Dalian, China), respectively. SYBR Premix
Ex Taq (TaKaRa, Dalian, China) was used for qRT-PCR. The relative expression level was quantified
using the 222t method with gpdh gene (MAC_09584) as the internal control gene. Each treatment
was performed with three biological replicates. The primers used are listed in Table S3.

Nitrate and nitrite reductase activity assays and detection of NO, nitrate and ammonium
content. Fungal samples grown on SYA for 24 h and/or 30 h at 28°C were collected and ground into
powder in liquid nitrogen. To assay the nitrate reductase (NR) activity, the nitrite reductase (NiR) activity
and the ammonium content, the lysis buffer were added into the powdered samples to the mass/vol-
ume ratio specified in the operation manual of the respective detection kits (Comin, Suzhou, China). The
suspensions were then centrifuged at 10,000 x g and 4°C for 15 min, and the supernatant collected for
the subsequent biochemical measurements as per the manufacturer’s instructions. To assay the nitrate
content, 0.1 g fresh sample was homogenized in 1 mL ddH,O at room temperature, followed by shaking
at 90°C for 30 min. After cooling to room temperature, the supernatant were centrifuged at 10,000 x g
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for 20 min to be measured as described in the manufacturer’s manual (Comin, Suzhou, China). Fungal
cultures on SYA at 28°C for hours were collected and washed three times with sterile water for NO con-
tent detection using a visible spectrophotometric NO content detection kit (Solarbio, Beijing, China) as
described previously (60).
Transcriptomic analysis. To reveal the mechanism underlying the MaNCP1 regulation of the coni-
diation pattern shift, RNA-seq was performed to identify the differentially expressed genes (DEGs) in WT
versus AMaNCP1. Samples of the WT and AMaNCP1 strains after 18 h of culture on SYA were collected
for RNA extraction. Approximately 10 ng DNA-free RNA from each fungal sample was submitted to
BGISEQ-500 (BGI, Shenzhen, China) in the Beijing Genomics Institution (Wuhan, China) with three biolog-
ical replicates for each fungal strain. The DEGs were defined as those displaying a log, AMaNCP1/WT
ratios = 1 or = —1 with a false-discover rate (FDR) = 0.001. The DEGs were annotated according to the
NCBI protein databases.
Statistical analysis. The data, shown in mean = SE, were analyzed by ANOVA (one-way analysis of
variance) using SPSS 24.0 program (SPSS Inc, Chicago, IL, USA).
Data availability. RNA-seq data had been uploaded to the NCBI BioProject database under the
accession number PRJNA748190.
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