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Abstract
Catalases are the most important enzymes in the metabolism of reactive oxygen species (ROS), as they
convert hydrogen peroxide (H2O2) into water and molecular oxygen. They are also involved in virulence,
and in oxidative, heat, hyperosmotic stress and UV-B radiation responses in some entomopathogenic
fungi. In this study, the Cat1 gene from Nomuraea rileyi was cloned and its function was studied by gene
deletion. The NrCat1 deletion mutant (ΔNrCat1) was generated using the split-marker method. No
significant differences in colony growth or dimorphic switching of ΔNrCat1 were observed under regular
culture conditions, whereas oxidative stress inhibited colony growth and the yeast-hyphal transition. In
contrast, there was no significant difference in tolerance to hyperosmotic stress between ΔNrCat1 and
wild type (WT) strains. In the ΔNrCat1 strain, microsclerotia (MS) formation time of the ΔNrCat1 was
delayed, and MS size was less uniform than in the WT. MS yield was decreased by 76% in the ΔNrCat1
strain compared to the WT strain. Furthermore, virulence was attenuated in the ΔNrCat1 strain. Gene
expression analysis showed that NrCat2, NrCat4, and NrAox are up-regulated to compensate for NrCat1
deletion. Thus, the NrCat1 gene in N. rileyi appears to be involved in essential functions, including H2O2
metabolism, MS formation, and virulence.

Highlights
An N. rileyi NrCat1 deletion mutant was generated by using the split-marker method.
ΔNrCat1 were observed sensitive to H2O2.
ΔNrCat1 defects in microsclerotia (MS) formation.
Virulence was attenuated in the ΔNrCat1 strain.

NrCat2, NrCat4, and NrAox are compensate for NrCat1 deletion.

1 Introduction
Nomuraea rileyi is an important entomopathogenic fungus which infects lepidopterous pests, in
particular Noctuidae spp., and it has potential in insect biocontrol. However, the sporulation of N. rileyi
requires specific conditions, including light stimulation, and a maltose carbon source, which limits its
potential for commercialization. To solve this problem, microsclerotia (MS) of N. rileyi induced by liquid
amended media (AM) (Yin et al. 2012) have been used successfully as a substitute for conidia in insect
biocontrol.
MS are propagules with a diameter of 50–600µm and consist of specialized, hyperpigmented hyphal
aggregations. Compared with N. rileyi conidia, MS have a higher production efficiency and persistence
longer in the field. Other entomopathogenic fungi, such as Metarhizium brunneum (Jackson et al. 2016)
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and Metarhizium anisopliae (Jackson and Jaronski 2008) also produce MS and they have been used in
insect biocontrol.
In filamentous fungi, genetic and biochemical investigations have indicated that reactive oxygen species
(ROS) play a critical role in various aspects of cell physiology, cellular differentiation, cell signaling, and
pathogen defense (Kawasaki and Aguirre, 2001). Previously, comparative transcriptome analysis of N.
rileyi was performed to study the moleculare mechanisms of MS development. This study showed that
oxidative stress is a key factor in MS development (Song et al. 2013). Multiple N. rileyi genes involved in
MS development have been identified. For example, small GTPase, RacA, Cdc42 and their regulatory
factors Cdc24 and Bem1, regulate MS formation through the control of ROS generation (Jiang et al. 2014;
Song et al. 2016). Similarly, the NADH: flavin oxidoreductase/NADH oxidase gene (Nox) and alternative
oxidase (Aox) genes are involved in MS formation through regulation of intracellular H2O2 concentrations
(Liu et al. 2014; Zhou et al. 2015). Defects in the transmembrane sensor genes Sho1 and Sln1 (Song et al.
2015), and deletion of two MAPK genes, Hog1 and Slt2, also inhibit MS formation (Song et al. 2016).
Catalases are the most important enzymes in ROS metabolism. In the ROS metabolism system,
superoxide dismutases (SODs) and catalases convert superoxide and H2O2 into water and molecular
oxygen (Polidoros et al. 2001; Alscher et al. 2002; Schouten et al. 2002; Kwok et al. 2004). Previously,
catalases were shown to play an important adaptive role to the environmental stress. In Beauveria

bassiana, five catalase genes, CatA, CatB, CatP, CatC and CatD were shown to be involved in the
regulation of virulence and tolerance to oxidative stress, high temperatures and UV-B radiation (Wang et
al. 2013). Overexpression of the Cat1 gene in M. anisopliae, increases resistance to exogenous H2O2,
reduces germination time, and increase virulence (Hernandea et al. 2010). In contrast, Neurospora crassa
Cat1 mutants exhibit defects in the survival of conidia under oxidative and light-induced stress (Wang et
al. 2007), whereas Cat3 mutants exhibit defects in growth and differentiation. In Aspergillus oryzae, the
CatB gene may play a role in detoxification of oxidative stress (Hisada et al. 2005). In the
phytopathogenic fungus Claviceps purpurea, catalase has been shown to be involved in suppression of
the host defense system (Garre et al. 1998). Additionally, peroxisomal catalases may be involved in insect
hydrocarbon catabolism (Pedrini et al. 2006). Together these results show that fungal catalase genes are
important for detoxification, cellular differentiation, and catabolism. However, there have been no reports
on the involvement of catalase genes in MS formation.
In this study, we isolated genomic DNA and cDNA of the N. rileyi Cat1 gene and investigated its role in the
formation of MS by gene disruption.

2 Materials And Methods

2.1 Strains and growth conditions
The N. rileyi strain Nr01 was stored in the Engineering Research Center of Fungal Insecticides, Chongqing,
China. The fungus was grown on solid SMAY media consisting of 40g L− 1 maltose, 15g L− 1 yeast extract
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power, and 10g L− 1 peptone. Blastospore were collected at early time points. Conidia were collected after
spore production by scraping the colonies, suspending in sterile 0.05% Tween-80 solution and filtrering
through three layers of lens wiping paper. Then, the blastospores were suspended in sterile phosphate
buffered saline (PBS) and washed three times in PBS with centrifugation.

N. rileyi spores were incubated in liquid AM (Yin et al. 2012) at 28°C with shaking at 250rpm.
Escherichia coli DH5α cells were used to propagate and maintain plasmids following standard
procedures. Agrobacterium tumefaciens AGL-1 laboratory stocks were used to transform N. rileyi. The
wild type (WT) A. tumefaciens AGL-1 was cultured in YEB media with 50µg mL− 1 streptomycin. For
growth of plasmid-carrying A. tumefaciens 50µg mL− 1 kanamycin was added to the media. The plasmids
pPZP-Split-marker-A and pPZP-Split-marker-B-Gus were used to generate ΔNrCat1 mutant.

2.2 Cloning the NrCat1 gene of N. rileyi
The partial NrCat1sequence was acquired from transcriptome data (Song et al. 2013). The full cDNA and
genomic sequences were obtained using fusion primer and nested integrated PCR (FPNI-PCR) (Wang et
al. 2011). The amino acid sequence was deduced using BlastX searches in GenBank. Phylogenetic trees
were generated using MEGA 5.0 software.

2.3 Generation of ΔNrCat1 mutants
The flanking regions of NrCat1 were obtained from genomic DNA by FPNI-PCR (Wang et al. 2011). pPZPSplit-marker-A-NrCat1 and pPZP-Split-marker-B-Gus-NrCat1 were expanded in E. coli DH5α prior to being
transformed into the A. tumefaciens. A. tumefaciens-mediated transformation of WT N. rileyi with pPZPSplit-marker-A-NrCat1 and pPZP-Split-marker-B-Gus-NrCat1was performed as described by Shao et al
(2015).
Putative transformants were screened on SMAY supplemented with 450µg ml− 1 hygromycin-B.
Preliminary screening of transformants were carried out using a β-glucuronidase (GUS) assay, and GUSnegative transformants was further confirmed by PCR with the primers listed in Table S1. Gene deletion
mutants were further assessed by Southern blot analysis according to the manufacturer’s protocol
(Roche, Mannheim, Germany).

2.4 Gene expression patterns of N. rileyi WT and ΔNrCat1
strains during MS development
The transcription levels of NrCat1, NrCat2, NrCat4, and NrAox, were investigated by real-time quantitative
PCR (RT-qPCR) at different time points during MS development.
WT and ΔNrCat1 strains were inoculated into flanks containing 100mL of liquid AM with 0.5mL of
conidia suspension (1×108 sp mL− 1). The flasks were incubated with shaking at 28°C, 250rpm for 1.5-7
days. Samples were collected at the following time points: germinating spores (1.5-2 days), yeast like
cells (2.5-3 days), MS initiation (SI) and hyphal period (3.5-4 days), MS formation (4.5-5 days), MS
Page 5/18

maturation (5.5-6 days), and secondary mycelial growth (6.5-7 days). After centrifugation and two
washes with sterile distilled water, total RNA was isolated using TRIzol® reagent (Invitrogen, Carlsbad,
CA, USA). First strand cDNA was synthesized using SuperScript II Reverse Transcriptase (Invitrogen, USA)
according to the manufacturer’s instructions. RT-qPCR was performed using SYBR® Green II mix (Takara,
Shiga, Japan) according to the manufacturer’s protocol. Primers used to measure expression levels of

NrCat1, NrCat2, NrCat4, and NrAox, are described in Table S1. Each sample was prepared in triplicate and
each reaction was carried out three times. NrTef and NrTub genes were used as reference genes.

2.5 Phenotypic analysis of the ΔNrCat1 strains
2.5.1 H2O2 sensitivity of WT and ΔNrCat1 strains
The filter paper method was used to assess sensitivity to H2O2 sensitivity in WT and ΔNrCat1 strains.
Conidial suspensions (1×106sp mL− 1) of WT and ΔNrCat1 strains were spread onto plates, and a 4-mm
filter paper containing 800, 1600, or 3200mM H2O2 was placed on the center of each plate. Conidial
suspensions (1×107, 1×106, and 1×105sp mL− 1) of WT and ΔNrCat1 were pipetted onto SMAY plates and
SMAY with 2mM H2O2 for colony morphology evaluation. All the treatments incubated at 25°C.

2.5.2 Hyperosmolarity tolerance of WT and ΔNrCat1 strains
Tolerance of WT and ΔNrCat1 strains to NaCl, KCl, LiCl, and sorbitol was tested on solid SMAY media.
Conidial suspensions (1×108sp mL− 1) were inoculated onto the centers of the plates and incubated at
25°C. Colony diameter was measured every 3 days after 6 days of incubation. For the evaluation colony
morphology three concentrations of conidial suspensions (1×107, 1×106, and 1×105sp mL− 1) were
pipetted onto plates.

2.6 MS formation of ΔNrCat1
MS formation capacities of WT and ΔNrCat1 strains was examined by inoculating 0.5 mL of conidia
(1×108sp mL− 1) into 100mL of liquid AM and incubating at 28°C with shaking at 250rpm for 3.5-6 days.
MS yield and morphologies were observed using a microscope.

2.7 Virulence assays
Virulence of WT and ΔNrCat1 strains was assessed by immersing third-instar larvae of Prodenia litura
into five concentrations of conidial suspensions (5×106sp mL− 1, 1×107sp mL− 1, 2.5×107sp mL− 1,
5×107sp mL− 1, and 1×108sp mL− 1). A 0.05% Tween-80 solution without fungus was used as a control.
Insects were reared in incubators at 26°C after treatment. Mortality was recorded every 24 hours and the
50% mortality (LC50) value was calculated using the minimum squares method. Each treatment was
repeated three times using 15 larvae per replicate.

3 Results
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3.1 Isolation and characterization of Cat1 from N. rileyi
Using the expressed sequence tag (EST) of the Cat1 gene isolated from the transcriptome library of N.

rileyi, the full-length sequence of the NrCat1 gene obtained by FPNI-PCR was found to be 2561bp
encoding 716amino acid residues. The protein had a calculated molecular weight of 79.085 KDa and an
isoelectric point (PI) of 5.92 (http://expasy.org/tools/protparam.html).
A phylogenetic tree of NrCat1 constructed using MEGA5.0 software showed that NrCat1 is closely related
to Metarhizium spp. (Fig. 1).

3.2 Time-specific expression patterns of NrCat1during MS
development
The expression level of NrCat1 during MS development was analyzed by RT-qPCR. Results showed that
NrCat1 was expressed at all developmental stages and picked (12-fold) during the SI and hyphal period
(84 hours). NrCat1 was also significantly up-regulated (6-fold) during the secondary mycelial growth
period (156 hours) compared with the germinating spore period (48 hours). These results indicate that

NrCat1 may be involved in hyphal growth and MS formation (Fig. 2A).

3.3 H2O2 sensitivity ΔNrCat1
To further assess the role of NrCat1 in MS development, an N. rileyi NrCat1 deletion mutant was
generated by using the split-marker method (in print).
WT and ΔNrCat1 conidia were grown on SMAY plates supplemented with 2mM H2O2 for 7 days at 25°C.
No differences in morphology were observed between WT and ΔNrCat1 colonies. However, the dimorphic
switch was delayed by approximately 1 and 2 days in the ΔNrCat1 strain grown on SMAY plates
supplemented with 2mM H2O2 compared with the WT strain (Fig. 3A). In H2O2 inhibition tests, the
ΔNrCat1 inhibition zone was bigger than that of WT. The size of the inhibition zones of ΔNrCat1 grown at
H2O2 concentrations of 800, 1600 and 3200mM were 1.7, 1.6, and 1.2 times larger, respectively, compared
with WT strains grown at the same concentrations (Fig. 3B). Variance analysis showed that the diameter
of the inhibition zones of ΔNrCat1 grown at H2O2 concentrations of 800 and 1600mM were significantly
different from WT strains (P < 0.01). These results indicate that NrCat1 is involved in H2O2 metabolism.

3.4 hyperosmolarity tolerance of NrCat1
WT and ΔNrCat1 conidia were grown on SMAY plates supplemented with 1M NaCl ,1M KCl ,0.04M LiCl
and 1M sorbitol for 18 days at 25°C. The growth rate of both WT and ΔNrCat1 strains was inhibited by
the hyperosmolarity but colony morphologies and hyphal extension rates were not different between the
two strains (P > 0.5) (Fig. 4).
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3.5 MS formation of ΔNrCat1
WT and ΔNrCat1 conidia were inoculated into liquid AM and cultures were grown with shaking. MS
formation of WT strains was observed after 3.5-4 days, whereas MS formation of ΔNrCat1 was delayed
until 4.5-5 days. Additionally, the fermentation broth of ΔNrCat1 strain was less viscous and had a paler
pigment compared with the WT strain (Fig. 5A-B). The size of WT MS (70–300µm) was more uniform
than ΔNrCat1 MS (50-1500µm) (data not shown). Furthermore, the MS yield of ΔNrCat1 was reduced by
approximately 76% compared with the WT (Fig. 5C).

3.6 NrCat2, NrCat4, and NrAox are up-regulated to
compensate for NrCat1 deletion during MS formation
Expression analysis of NrCat2, NrCat4 and NrAox during MS development was carried out in the WT and
ΔNrCat1 strain. Results showed that in the WT strain transcription levels of both catalase genes were
high during the SI period. Transcription levels of the NrCat4 gene were high during the spore germinating
and secondary mycelial growth periods. Transcription levels of NrAox were high during the germinating
spore and SI periods (Fig. 2B-D).
Transcription levels of the NrCat2 gene were higher in ΔNrCat1 than in WT. At 108 hours, compensation
was greatest with NrCat2 (approximately 17-fold), during the SI period (Fig. 2B). Interestingly, NrCat4 and
NrAox exhibited a complicated expression pattern. Before the SI period NrCat4 and NrAox expression was
similar between WT and ΔNrCat1. However, from the SI period to the MS maturation period transcription
levels of NrCat4 and NrAox were higher in ΔNrCat1 than in WT. The highest compensation occurred at 96
hours, when NrCat4 was up-regulated by 3.5-fold (Fig. 2C) and NrAox was up-regulated by 4.2-fold
(Fig. 2C) compared with WT. These results indicate that in N. rileyi NrCat1, NrCat2, NrCat4 and NrAox may
share similar functions during MS formation.

3.7 NrCat1 influences N. rileyi virulence
In virulence assays using P. litura larvae and muscardine cadavers, no difference in morphology between
WT and ΔNrCat1 was observed (Fig. 6). However, the virulence of NrCat1 was decreased by 64%
compared with WT. The LC50 of ΔNrCat1 was 5.074×107sp mL− 1, whereas the LC50 of WT
was1.81×107sp mL− 1.

4 Discussion
In the present study, we identified and isolated an N. rileyi catalase gene of that is up-regulated during MS
formation. Based on sequence identity, this gene encodes a protein related to the monofunctional
catalases, of the entomopathogenic fungi M. anisopliae (MaCat1 FN641683.1) and B. bassiana (BbCatB
JX050139.1), and the phytopathogenic fungi Magnaporte grisea (MgCatB MG06442).
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Previous studies have demonstrated that catalases are involved in virulence and responses to oxidative,
heat, and hyperosmotic stress, and UV-B radiation in M. anisopliae, B. bassiana and M. grisea (Giles et al.
2006; Skamnioti et al. 2006; Wang et al. 2013). In this study, no significant differences in colony growth
or dimorphic switching from yeast to hyphae on solid media were observed in ΔNrCat1 mutants
compared with the WT strain. However, under oxidative stress both colony growth and dimorphic
switching was inhibited in ΔNrCat1 compared with the WT strain. Additionally, a significant difference in
the tolerance of conidia to H2O2 was observed (Fig. 3). These findings are consistent with the reported
role of Cat1 in ROS metabolism in M. anisopliae (Hernandez et al. 2010), B. bassiana (Wang et al. 2013)
and M. grisea (Skamnioti et al. 2007). Moreover, deletion of the NrCat1 homolog MgCatB in M. grisea
causes accelerated hyphal growth but also results in paler pigmentation, lower biomass, more fragile
conidia and appressoria, poor sporulation and impaired melanization (Skamnioti et al. 2007), but in B.
bassiana and N. rileyi the Cat1 mutants were not observed in these phenotype changes (Wang et al.
2013).
This study also reproted a significant up-regulation of N. rileyi NrCat1 during MS development and
secondary mycelial growth. In contrast, NrCat1 deletion caused both a reduction in the quantity of MS
production by approximately 76% compared with the WT strain and irregular MS morphology. These
results indicate that Cat1 affect ROS metabolism and MS formation in N. rileyi.
Oxidative stress has been demonstrated as an inducing factor in sclerotium differentiation (Georgiou and
Petropoulou 2002; Georgiou and Zees 2002; Patsoukis and Georgiou 2007a, b). Proper concentrations of
H2O2 will promote the formation of MS and high concentrations of H2O2 will inhibit the MS formation
(Liu et al. 2015). Gene expression analysis of NrCat1, NrCat2 and NrCat4 during MS development of WT

N. rileyi showed that these three catalase genes are up-regulated during the SI period, suggesting that
concentrations of H2O2 are higher during MS formation. ΔNrCat1 mutants exhibited defects in both MS
proliferation and morphology. Moreover, in ΔNrCat1, NrCat4 expression levels were higher during MS
formation (form 84–144 hours) compared with the WT strain. Additionally, NrCat2 expression levels were
higher throughout the entire MS development process (from 36–168 hours). These results indicate that

NrCat2 and NrCat4 are up-regulated to compensate for NrCat1 deletion during MS formation. Similar
results have been described in B. bassiana where BbCatB deletion was compensated by up-regulation of
BbCatC under oxidative stress conditions (Wang et al. 2013). However, in M. grisea, MgCatB mutants do
not exhibit overexpression of other catalase or catalase-related antioxidant genes (Skamnioti et al. 2007).
These results indicate that the function of NrCat1 is similar to that of BbCatB.
Interestingly, in ΔNrCat1 mutants another ROS metabolism gene, NrAox, was over-expressed during MS
formation (from 84–144 hours) (Fig. 2B). Previous studies have indicated that Aox is involved in
metabolism of ROS generated by energy production and metabolism in fungi (Hattori et al. 2008;
Helmerhorst et al. 2005; Ruy et al. 2006). In N. rileyi, defects in NrAox leads to reductions the disability in
ROS metabolism and MS formation (Zhou et al. 2015). In the current study, gene expression analysis
showed that NrAox was up-regulated to compensate for NrCat1 deletion. These results suggest that Aox
may function in a similar way to catalases by regulating ROS metabolism during MS formation.
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The catalase gene has been reported to be an essential virulence factor in entomogenous fungi (Feng et
al. 1994; Hernandez et al. 2010; Wang et al. 2013) and phytopathogenic fungi (Skamnioti et al. 2007). In
the present study, deletion of NrCat1 caused a significant decrease in virulence, which is consistent with
previous studies. However, whether NrCat2 or NrCat4 are involved in virulence requires further research.
In conclusion, deletion of the NrCat1 gene affected ROS metabolism and MS development in N. rileyi.
NrCat2 and NrCat4 were up-regulated to compensate for the absence of NrCat1. We also demonstrated
that the NrAox gene was up-regulated to compensate for NrCat1 deletion in N .rileyi, which has not
previously been reported.
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Figures

Figure 1
Phylogenetic tree inferred from Cat1 DNA sequence alignment using the neighbor-joining (NJ) method in
MEGA5.0 software. The aligned sequences of Cat1 are from Metarhizium acridum CQMa 102 (GenBank
accession No. XM_007811861.1), Metarhizium majus ARSEF 297 (XM_014726471.1), Purpureocillium
lilacinum (XM_018322662.1), Fusarium graminearum PH-1 (XM_011328072.1), Fusarium
pseudograminearum CS3096 (XM_009262196.1), Thermothelomyces thermophila ATCC 42464 (
XM_003662984.1), Colletotrichum higginsianum IMI 349063 (XM_018298034.1), Colletotrichum fioriniae
PJ7 ( XM_007598278.1), Colletotrichum graminicola M1.001( XM_008092892.1), Verticillium alfalfae
VaMs.102, (XM_003001071.1), Verticillium dahliae VdLs.17 (XM_009658953.1), Metarhizium robertsii
ARSEF 23 (XM_007823877.1), and Beauveria bassiana (JX050139.1)
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Figure 2
RT-qPCR analysis of NrCat1, NrCat2, NrCat4, and NrAox expression. Total RNA was isolated during
different periods of MS development from WT and ΔNrCat1 strains. Results are mean relative expression
±SD.
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Figure 3
(A)Colony morphology of WT and ΔNrCat1 strains grown on SMAY plates or SMAY plates supplemented
with 2mM H2O2 for 7 days. Three concentrations of conidial suspensions (1×107, 1×106, and 1×105sp
mL-1) were pipetted onto the plates. (B) Diameter of H2O2 inhibition zones at H2O2 concentrations of
800, 1600 and 3200mM. Values are presented as the relative mean ±SD from five independent assays.
Standard error bars indicate variation in measurements. *P<0.05, **P<0.01, compared with the wild type
strain grown at the same concentration.
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Figure 4
Colony morphology of WT and ΔNrcat1 strains grown on SMAY plates supplemented with (A) 1M NaCl,
(B) 1M KCl, (C) 0.04M LiCl, and (D) 1M sorbitol from day 6-18. (E) Hyphal extension rates of WT and
ΔNrCat1strains grown on SMAY plates and SMAY plates supplemented with 1M NaCl, 1M KCl, 0.04M LiCl
and 1M sorbitol. Values are presented as mean relative expression ±SD from five independent assays.
Standard error bars indicate variation in measurements.
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Figure 5
(A) Microscopic images and (B) morphology of WT and ΔNrcat1 strains grown in AM media from day
3.5-6. (C) Numbers of MS generated by WT and ΔNrcat1 strains from day 3.5-6. Values are presented as
relative mean ±SD from three independent assays. Standard error bars indicate variation in
measurements. *P<0.05, **P<0.01, compared with the WT strain at the same time point.
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Figure 6
Muscardine cadavers of WT and ΔNrCat1 mutant. No significant difference in morphology between WT
andΔNrCat1 muscardine cadavers.
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