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Abstract

The entomopathogenic fungi of the genus Metarhizium have several subtilisin-like proteases that are involved in
pathogenesis and these have been used to investigate genes that are differentially expressed in response to differ-
ent growth conditions. The identification and characterization of these proteases can provide insight into how the fun-
gus is capable of infecting a wide variety of insects and adapt to different substrates. In addition, the pr1A gene has
been used for the genetic improvement of strains used in pest control. In this study we used quantitative RT-PCR to
assess the relative expression levels of the pr1 A gene in M. anisopliae and M. acridum during growth in different cul-
ture conditions and during infection of the sugar cane borer, Diatraea saccharalis Fabricius. We also carried out a
pathogenicity test to assess the virulence of both species against D. saccharalis and correlated the results with the
pattern of pr1A gene expression. This analysis revealed that, in both species, the pr1A gene was differentially ex-
pressed under the growth conditions studied and during the pathogenic process. M. anisopliae showed higher ex-
pression of pr1A in all conditions examined, when compared to M. acridum. Furthermore, M. anisopliae showed a
greater potential to control D. saccharalis. Taken together, our results suggest that these species have developed

different strategies to adapt to different growing conditions.
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Introduction

In Brazil, sugarcane monoculture forms the basis of
the sugar export and biofuel industries (Alves et al., 2008).
The sugarcane borer Diatraea saccharalis Fabricius is con-
sidered one of the major sugarcane pests in the Americas.
Due to its cryptic lifestyle, conventional control measures
by deploying chemical insecticides targeting the larvae are
ineffective.

Entomopathogenic fungi are used in biological pest
control as a promising alternative to chemical pesticides
due to a number of advantages, including lower environ-
mental impact, lower costs, higher specificity and lesser
risk of development of resistance (Samuels et al., 1989;
Frazzon et al., 2000). Species that belong to the genus
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Metarhizium are collectively able to infect a broad range of
insects (Samuels et al., 1989) and are adapted to life in the
root rhizosphere (Roberts and St. Leger, 2004). However,
little is known about the molecular and physiological mecha-
nisms involved in their adaptation to different growth con-
ditions, and this lack of understanding has prevented the
development of new strategies to improve their effective-
ness in biological pest control (Zhang ef al., 2011).

The taxonomy of Metarhizium was reassessed based
on multigenic phylogenetic analysis covering the zef-1 gene
(translation elongation factor 1-a) rpbl (large subunit of
RNA polymerase II) rpb2 (second largest subunit of RNA
polymerase II) and B-tub (B-tubulin). This revaluation led
to the recognition of different Metarhizium species:
M. anisopliae (Mestchnikoff) Sorokin, M. guizhouense
Q.T. Chen & H.L. Guo, M. pingshaense Q.T. Chen & H.L.
Guo, M. acridum (Driver and Milner) Bischoff, Rehner &
Humber, M. lepidiotae (Driver and Milner) Bischoff,
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Rehner & Humber and M. majus (Johnston) Bischoff,
Rehner & Humber (Bischoff et al., 2009).

A large and diverse range of enzymes and toxins have
been identified in several studies that are thought to be criti-
cal for the ability of the fungus to infect diverse groups of
insects and ticks, and to grow in different types of substrate
(Freimoser et al., 2003, 2005; Wang et al., 2005). In partic-
ular, subtilisin protease PR1A is the predominant protein
produced during degradation of insect cuticle (Bagga et al.,
2004). Thus, the gene encoding this protein (pr/A) is inves-
tigated for its use in the development of advanced engi-
neered biopesticides (St. Leger et al., 1989).

Identifying genes that are up- or down-regulated in
response to a given host insect or growth condition should
increase our understanding of the genetic mechanisms in-
volved in host specificity and adaptation (Pathan et al.,
2007; He et al., 2012; Luo et al., 2013; Jin et al., 2014). M.
anisopliae has been reported to have a large host range of
over 200 insect species (Samuels ef al., 1989). In contrast,
M. acridum has a very limited host-range and is only known
to attack orthopteran insects (Bischoff ez al., 2009). A more
thorough understanding of this behavioral flexibility may
be obtained by comparatively studying the two species, and
such studies should contribute to the development of more
effective pest control. Thus, the objectives of this study
were to analyze the expression of the prlA gene in M.
anisopliae and M. acridum during growth in different cul-
ture conditions and during the pathogenic process of
D. saccharalis infection. We then went on to correlate the
expression of pr1 A with the pathogenicity of M. anisopliae
and M. acridum, against D. saccharalis.

Materials and Methods

Fungal culture and identification

Metarhizium anisopliae URM 4921, originally iso-
lated from Mahanarva pos-ticata Stal from Brazil, and M.
acridum URM 4412, originally isolated from Austracnis
guttulosa Walker from Australia, were obtained from the
mycological collection of the Department of Mycology,
Federal University of Pernambuco (URM-UFPE). Cultures
were grown on potato dextrose agar at 28 °C for 12 days to
obtain conidia. For confirmation of the species identity the
partial sequence of fef-1 gene (translation elongation factor
1-o0) was amplified and sequenced. The primers used for
amplification and sequencing were designed for the EF-1a
intron region: EF1T (5-ATGGGTAAGGARGACAAG
AC) and EF2T (5’-GGAAGTACCAGTGATCATGTT)
(Bischoff et al., 2009). Sequence data were manually ad-
justed by Staden software (Staden et al., 1998) and com-
pared to the GenBank database using BLASTn (Altschul et
al., 1990).
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Growth conditions for expression analysis of the
prA gene

Analysis of the pr/A gene expression pattern was
performed after growth of the two fungi species in YPD
medium (0.2% yeast extract, 1% peptone, 2% dextrose), in
liquid minimal medium (MM) (Pontecorvo et al., 1953)
without glucose and supplemented with 1% casein (MM +
casein), and in liquid MM without glucose and supple-
mented with 1% (w/v) insect cuticle (MM + cuticle). To ob-
tain the cuticle, we wused third-instar larvae of
D. saccharalis. The insects were crushed to remove inter-
nal material, dried to a constant weight in an oven at 80 °C,
and then the exoskeleton was macerated. The resulting
powder was sieved and stored frozen at -25 °C. To obtain a
cuticle suspension (1%), we resuspended the cuticle pow-
der in an aqueous solution of potassium tetraborate (1%)
and subjected the mixture to flowing steam for 20 min
(Andersen, 1980). The cuticle extract was then added to
sterile liquid MM.

Conidia were harvested in 0.01% Tween 80 aqueous
solution, and the conidia suspen-sion was filtered through
glass wool to remove mycelia. Conidia (2 x 10* coni-
dia/mL) were inoculated in 20 mL of culture medium as de-
scribed above and incubated as shake cultures at 150 rpm,
28 °C. The mycelia were collected at 24 h and 72 h after in-
oculation, immediately frozen in liquid nitrogen, and main-
tained for 24 h at -80 °C for subsequent extraction of RNA.
The experimental design followed a 2 x 3 randomized fac-
torial scheme (two fungal strains + three culture medium)
for a total of six treatments with two replicates each.

Preparation of insects for expression analysis of the
priA gene

Third-instar larvae of D. saccharalis were infected by
immersion for 1 min in a conidia suspension of 2 x 10°
conidia/mL. Each infected larva was then placed in a Petri
dish containing a small piece of sugarcane stalk, and the
plates were incubated at 28 °C. The process of fungal
pathogenesis is commonly divided into the following five
phases: uninfected insect, 20 h after infection, dead in-
fected insect, emergent mycelia from the insect cadaver,
and insect cadaver mummified with conidia. The insects
collected in the phases described above were immediately
frozen in liquid nitrogen and maintained for 24 h at -80 °C
for subsequent RNA extraction. Two biological replicates
were performed for each phase analyzed. Eight insects
were used per biological replicate.

Total RNA isolation and cDNA synthesis

The frozen samples of mycelia grown in different cul-
ture media and the insect samples described above were
ground in liquid nitrogen. For each sample, 100-150 mg of
powdered sample was placed in a cooled 2-mL tube. RNA
was extracted with Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. RNA was suspended in
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50 uL DEPC-treated water. The purity of the total RNA
was determined based on the absorbance at 260/280 nM,
and RNA integrity was verified by electrophoresis in a 1%
agarose gel. Residual DNA was removed by treating RNA
with RNase-free DNase I according to the manufacturer’s
instructions (Invitrogen). RNA was stored at -80 °C until
further use. An aliquot of 2 pg DNase-treated RNA was
transcribed into cDNA using the SuperScriptTM First-
Strand Synthesis System for RT-PCR (Invitrogen) and
oligo-dT primers (Invitrogen).

Quantitative real-time reverse transcription
polymerase chain reaction (RT-qPCR)

To obtain qPCR products, the Platinum® SYBR®
Green qPCR SuperMix-UDG kit (Invitrogen) was used.
Each 25-uL qPCR reaction contained 12.5 pL of qPCR
SuperMix-UDG Kit (Invitrogen), 0.5 pL of MgCl,
(50 mM), 0.1 pL each of the forward and reverse primers
(each at 100 uM) (Bioneer), 10.8 uL nuclease-free water
and 1 pL cDNA (20 ng/pL ¢cDNA in each sample). Nega-
tive controls (no DNA template) for each primer set were
included in each run to ensure that there was no contamina-
tion in any of the qPCR reagents. Uninfected insect cDNA
was also used to control for amplification of insect DNA.
Two qPCR assays were performed per biological replicate.
The asays were done using an iCycler system (Bio-rad).
qPCR with the following protocol: a 1.5-min activation/de-
naturation step at 95 °C, followed by 40 cycles of 15 s at
95 °C, 30 s at 60 °C, and 30 s at 72 °C. Subsequently, the
specificity of the primers was verified by melting curve
analyses done at 72 °C to 96 °C. All PCR assays were per-
formed in duplicate, and the mean of these values was cal-
culated for the final analysis.

The try gene, which encodes an enzyme involved in
the tryptophan synthesis, was used as the reference gene for
these studies due to its constitutive expression across tissue
types (Fang and Bidochka, 2006). Indeed, we found that
qPCR of try transcripts generated highly similar quantifica-
tion cycle (Cq) values across all of the cDNA samples ana-
lyzed. We then went on to assess the expression of the prl1 A
gene (encoding the subtilisin protease PRIA) in
M. anisopliae and M. acridum during growth in different
culture conditions and during D. saccharalis pathogenesis.
Try transcripts were amplified using the forward primer
5’-TGCAATGCATGTTTGATGTC-3" and the reverse
primer 5’-CAAAGAGTGGTATCGAGTTAC-3’. PrlA
transcripts were amplified using the forward primer
5’-GATTGGTGGCAGCACTAAC-3" and the reverse
primer 5’-TCCTGGATCTTCTTGCAAAG- 3’ (Fang and
Bidochka, 2006).

Generation of quantitative data by real-time qPCR is
based on the number of cycles required for the optimal am-
plification fluorescence to reach a specific threshold of de-
tection (Cq value) (Bustin et al., 2009). The relative
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expression ratios were calculated using a mathematical
model that includes an efficiency correction for real-time
gqPCR efficiency of the individual transcripts (Pfaffl, 2001).
Real-time qPCR amplification efficiencies (E) were deter-
mined for each set of primers using the slope of a linear re-
gression model (Pfaffl, 2001). The cDNA samples were
diluted to 50, 25, 5, 1, and 0.25 ng/puL and used as template
for RT-qPCR reactions. Standard curves were generated by
plotting the log of the cDNA values against Cq values ob-
tained over the range of dilutions. The slope of the curves
was used to determine the reaction efficiency (E), as
E = 1087} When assessing gene expression during fun-
gal growth in different culture media, the average Cq value
of conidia collected at 24 h was considered the control
treatment, and the average Cq value of conidia collected at
72 h was considered the experimental treatment. Similarly,
when assessing gene expression during pathogenesis, the
average Cq value of an insect 20 h after infection was con-
sidered the control treatment, and the average Cq value of
dead infected insects, insects with emergent mycelia from
insect cadavers and insect cadavers mummified with coni-
dia were all considered experimental treatments.

After an R value was calculated for each biological
replicate, the relative gene expression levels of priA in M.
anisopliae and M. acridum were expressed as Log, R. In
this way, gene expression levels can be expressed as a nu-
merical value that directly correlates with the induc-tion or
repression of that gene’s expression. Thus, if zero is consid-
ered to be “no expression”, the genes analyzed are “in-
duced” if they are associated with positive values or “re-
pressed” if they are associated with negative values.
Subsequently, the data were subjected to analysis of vari-
ance (ANOVA) and means compared by the Tukey test at
5% probability using the Assistat 7.4 software (Silva and
Azevedo, 2002). For the analysis of pr1 A gene expression
across all stages of pathogenesis in D. saccharalis, the data
were normalized by transformation (x = 0.4053 + ¢) before
analysis of variance (ANOVA), using ASSISTAT 7.4 Beta
software (Silva and Azevedo, 2002).

Pathogenicity test

A randomized design was used in a split plot and sub-
divided by time (from 1 to 10 days survival). The design in-
cluded two species of Metarhizium plus one control in the
plots. The evaluation days were used as entries in the sub-
plots. Each evaluation day was replicated five times.
Third-instar larvae of D. saccharalis were immersed in
20 mL of a I x 10® conidias/mL suspension of each variety
for 1 min and then transferred to Petri dishes containing a
small piece of sugar cane. The samples were then main-
tained at 28 °C. In the control treatment, larvae were im-
mersed in sterile water containing Tween 80 (0.01% v/v).
For each treatment, five Petri dishes were used, each con-
taining 10 larvae for a total of 50 larvae per treatment
group. The experiment was performed in triplicate. Obser-
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vations were done daily for 10 days. The larval cadavers
were placed in Petri dishes containing moist filter paper to
confirm the causal agent. The data were subjected to analy-
sis of variance (ANOVA), and the means were compared
by Tukey test at the 5% probability level using Assistat 7.4
Beta software (Silva and Azevedo, 2002). The Pearson cor-
relation coefficient was used to analyze the degree of corre-
lation between pathogenicity and prl A gene expression in
culture medium supplemented with cuticle and during
pathogenesis (at the phase in which mycelium are emerging
from the insect corpse) induced by the two species.

Results

Denaturation curve and efficiency of amplification

Analysis of the melting curves confirmed that all cor-
responded to a unique amplification product. According to
the slope obtained from the standard curve of dilutions
evaluated for each gene, the PCR efficiency (E) varied from
98% to 106.2%, and regression coefficient values (R?) var-
ied from 0.994 to 0.998 (Table 1).

Expression of the pr1A gene in different culture
conditions

In both M. anisopliae and M. acridum, the pr1A gene
was induced after 72 h of culture in the three types of media
tested (saprophytic phase) when compared with 24 h of cul-
ture. There was a significant interaction between the
Metarhizium species and the different culture media factors
on the relative expression of the pr/A gene. Specifically,
there was significantly less pr/A4 expression in YPD me-
dium and higher expression of priA4 in MM supplemented
with D. saccharalis cuticle (F = 1206.595, p < 0.001). A
significantly higher expression of pr/4 was also observed
in M. anisopliae (F = 332.6593, p <0.001) (Figure 1).

Expression of the pr1 A gene during pathogenicity

For both M. anisopliae and M. acridum, pr1 A expres-
sion was repressed when the fungi were grown in dead in-
sects compared to expression in infectious conditions (20 h
post-infection of insects). The prl A gene was induced in
insects covered with mycelia or conidia compared to in-
sects 20 h post-infection. We found that fungal species and
phases of fungal pathogenesis all had significant effects on
the relative expression of prlA. By comparing different
pathogenesis phases we observed higher pr1 A expression
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in insects covered with mycelia than in insects covered with
conidia (F =2224.833, p < 0.001) (Figure 2). We also ob-
served differences in prl A expression among fungal spe-
cies. Specifically, we found that M. anisopliae caused less
prl1A repression in the dead insect than did M. acridum and
greater prlA induction in mycelia- and conidia-covered in-
sects (F = 668.4208, p <0.001) (Figure 2).

Pathogenicity

The pathogenicity test revealed that M. anisopliae
caused an 88% mortality rate in D. saccharalis larvae,
whereas M. acridum caused a mortality of 38%. We also
observed that M. anisopliae caused an initial mortality
(12%) on the third day after infection, whereas M. acridum
caused mortality (7%) only on the fourth day (Table 2). The
Pearson correlation analysis showed a strong correlation
between mortality and pr1A gene expression in medium
containing cuticle (r = 0.9835, p < 0.0004) and during
pathogenesis (r=0.9987, p < 0.0001).

Discussion

Presumably, Metarhizium has different subsets of
genes that are responsive to different growth conditions.
Thus, identifying these genes should help to elucidate
mechanisms of adaptation (Zhang et al., 2011; Liu et al.,
2013; Jin et al., 2014). In this study, we found that expres-
sion of the pr1 A gene was affected by different growth con-
ditions, indicating that pr1A expression may vary in the
presence of different carbon sources. Previous work has
shown that subtilisin PR1A protein is produced when
grown on minimal medium, and this production is en-
hanced by the addition of cuticle to the media; however,
PR1A synthesis is repressed in rich medium (Freimoser et
al., 2003, 2005). Our finding of a significant increase in
prlA expression in medium supplemented with D.
saccharalis cuticle compared to either medium supple-
mented with casein or rich medium (YPD) corroborates
these reports. The demonstration of differential expression
of priA in different culture media suggests that the two
fungal species can regulate prl1 A gene expression during
saprophytic growth. It is likely that differences in prl1 A ex-
pression are related to factors that allow M. anisopliae and
M. acridum to flexibly respond to the conditions of the sur-
rounding environment.

During the pathogenicity process, adhesion to the
host and penetration through the cuticle are decisive stages

Table 1 - E and R2 values of linear regression for dilutions of the reference and target gene of Metarhizium anisopliae and Metarhizium acridum.

Gene E value (%) R? value

Metarhizium anisopliae Metarhizium acridum Metarhizium anisopliae Metarhizium acridum
prl 103% 104% 0.998 0.996
try 106.2% 98% 0.995 0.994

E = efficiency value; R? = regression coefficient value.
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Figure 1 - Relative expression levels of prlA gene in Metarhizium
anisopliae and Metarhizium acridum after 72 h of growth in different cul-
ture media. Means followed by distinct letters differ by the Tukey test at the
5% probability level; lower-case letters represent differences between iso-
lates, and upper-case letters represent differences between culture media.
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Figure 2 - Relative expression levels of prlA during pathogenesis of
Metarhizium anisopliae and Metarhizium acridum. Means followed by
distinct letters differ by the Tukey test at 5% probability; lower-case letters
represent differences between isolates at each phase, and upper-case let-
ters represent the differences between phases for each isolate. ID = dead
infected insect; ME = emergent mycelia from insect cadavers; IC = insect
cadavers completely covered with conidia.

in establishing the infection, and these involve major chan-
ges in gene expression patterns that result in dramatic
changes in the amount of available nutrients from the host
(Roberts and St. Leger, 2004; He et al., 2012). In nutri-
ent-deprived conditions, subtilisin PR1 is produced in the
appressorium where it hydrolyzes cuticular proteins, thus
facilitating hyphal penetration through the insect cuticle
(Goettel et al., 1989; St. Leger et al., 1989).

Once the hyphae have breached the cuticle, the fun-
gus grows in the hemolymph, which is rich in nutrients, and
here PR1 is down-regulated by the presence of accessible
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carbon and nitrogen sources (Small and Bidochka, 2005).
This process explains why prlA gene is repressed in dead
insects infected by either of the two species. The death of
the insect occurs after the fungus has penetrated the cuticle,
formed the blastospores in the hemolymph and invaded the
various internal organs that are rich in nutrients (Samuels ez
al., 1989). Metarhizium then utilizes and depletes the avail-
able nutrients of the insect. Subsequently, PR1 is induced
again and performs functions that facilitate the penetration
of hyphae through the cuticle, allowing the fungus to emer-
ge and produce conidia in large masses on the surface of the
insect cadaver, resulting in mummification (Scholte et al.,
2007) Thus, induction of prl1A expression in insects cov-
ered with either mycelia or conidia suggests that PR1A may
not only be directly involved in the formation of conidia but
may also be required for the completion of the pathogenic
cycle.

Regarding virulence factors, there is evidence that
mutant strains of M. anisopliae that have increased expres-
sion of the enzyme PR1A are more pathogenic to the host
Manduca sexta (St. Leger et al., 1989). Furthermore, spon-
taneous pr1A” deficient mutants of M. anisopliae demon-
strated a reduction in their ability to infect Tenebrio molitor
compared to wild-type M. anisopliae (Wang et al., 2005).
Gillespie et al. (1998) reported that differences in the in
vivo production of proteases among Metarhizium isolates
can influence the virulence of the individual isolates. In the
current study we found a correlation between the level of
prlA expression in MM supplemented with cuticle and
during pathogenesis and observed pathogenesis. When
comparing the two fungal species, we observed that
M. anisopliae, besides having higher expression of pr1A in
culture medium and in all phases of pathogenicity, showed
better pathogenic action against D. saccharalis, and herein
we considered both the initial and final mortality caused by
the infection. Taken together, our data suggest that the level
of pri A gene expression may predict the ability of the fun-
gus to cause disease.

Surface structure and the chemical composition of the
host cuticle are believed to affect the adhesion of fungal
spores and, consequently, pathogenicity. Metarhizium rec-
ognizes specific host signals that induce the secretion of
different host-specific proteins. As a consequence, this se-
lectivity for host signals is most likely to define the speci-

Table 2 - Accumulated mortality of Diatraea saccharalis infected by Metarhizium anisopliae and Metarhizium acridum during 10 days of evaluation.

Fungus Days (% accumulated mortality)

1 2 3 4 5 6 7 8 9 10
Metarhizium anisopliae o™ o 96 21%F 34 51%0 63* 73 83 88
Metarhizium acridum 0 0 0°F 7ok 15°P 24°¢ 30°" 3448 374 384
Control 0™ 0™ oba 0 o 0" 0 0 0 0

Means followed by the same letter (upper case letters in columns and lower case letters in lines) did not differ significantly among each other by the Tukey

test at 5% probability.
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ficity for a particular isolate/host (Lazzarini et al., 2006;
Pedrini et al., 2007; Santi et al., 2010). Thus, although
prlA is expressed by two different species, we speculate
that the higher level of expression detected in M. anisopliae
occurred in response to the host, indicating that induction of
prlA gene expression is one of the factors that determines
the ability of this pathogen to infect D. saccharalis. The dif-
ference in pathogenicity factors between the species of
Metarhizium may exist due to differential regulation of the
same set of genes, rather than variations in the number and
types of gene for each host species.

Although many studies involving genes related to
pathogenicity have been reported in the literature (Fang and
Bidochka, 2006; Scholte et al., 2007; Bischoff et al., 2009),
much can still be learned about the functions of these genes.
Gene functionality can be inferred from the differential ex-
pression of these genes in response to different growing
conditions and hosts. In support of this premise, Fang et al.
(2010) showed that Metarhizium can induce genes differ-
ently for each type of environment or host. We observed
such differences in our assays with M. anisopliae and M.
acridum, species that have not previously been evaluated
under these conditions. Our findings that pr1A is differen-
tially expressed in M. anisopliae and M. acridum in differ-
ent culture media, as well as during pathogenesis, indicates
that these species have different strategies to adapt to dif-
ferent growth conditions. This conclusion is consistent with
the saprophytic and/or parasitic lifestyle of these pathogens
and may be a sign of their versatility, which favors adapt-
ability to environmental conditions.

Our results provide a better understanding of the roles
that PR1A plays during the saprophytic and parasitic
phases in the two species of Metarhizium studied. This
study serves to emphasize the importance of pr1A gene ex-
pression in the biology of these fungi and also suggests that
this gene is a potential virulence factor for the development
of advanced engineered biopesticides.
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