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Abstract

Key message Transgenic sugarcane expressing CaneCPI-
1 exhibits resistance to Sphenophorus levis larvae.
Abstract Transgenic plants have widely been used to
improve resistance against insect attack. Sugarcane is an
economically important crop; however, great losses are
caused by insect attack. Sphenophorus levis is a sugarcane
weevil that digs tunnels in the stem base, leading to the
destruction of the crop. This insect is controlled ineffi-
ciently by chemical insecticides. Transgenic plants
expressing peptidase inhibitors represent an important
strategy for impairing insect growth and development.
Knowledge of the major peptidase group present in the
insect gut is critical when choosing the most effective
inhibitor. S. levis larvae use cysteine peptidases as their
major digestive enzymes, primarily cathepsin L-like
activity. In this study, we developed transgenic sugarcane
plants that overexpress sugarcane cysteine peptidase
inhibitor 1 (CaneCPI-1) and assessed their potential
through feeding bioassays with S. levis larvae. Cystatin
overexpression in the transgenic plants was evaluated
using semi-quantitative RT-PCR, RT-qPCR, and immu-
noblot assays. A 50% reduction of the average weight
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was observed in larvae that fed on transgenic plants in
comparison to larvae that fed on non-transgenic plants. In
addition, transgenic sugarcane exhibited less damage
caused by larval attack than the controls. Our results
suggest that the overexpression of CaneCPI-1 in sugar-
cane is a promising strategy for improving resistance
against this insect.
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bioassay - Sugarcane - Sugarcane weevil - Sphenophorus
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Introduction

The sugarcane weevil Sphenophorus levis (Coleoptera:
Curculionidae) was identified in 1977 (Vaurie 1978) and is
one of the insects responsible for the most sugarcane pro-
duction losses in Brazil (OECD 2016). The yield losses can
reach 30 t or more/ha and are caused by the larvae, which
feed on the sugarcane clumps, generally above soil level,
making irregular galleries and leading to the death of the
plants (Fonseca et al. 2012; Santos et al. 2015). No efficient
control method is available for S. levis (OECD 2016).
Hence, new strategies are necessary to combat this insect.

Knowledge of the digestive enzymes present in the gut
of insects has been exploited for pest control strategies
using these enzymes as targets of inhibition (Haq et al.
2004). Peptidase inhibitors, as example the cystatins, play a
significant role in the natural defense of plants (Ryan 1990;
Koiwa et al. 1997; Kessler and Baldwin 2002; Gatehouse
2011; Zhu-Salzman and Zeng 2015) by inhibiting digestive
peptidases of insects. The ingestion of these inhibitors by
pests/insects interferes with the protein degradation pro-
cess, reducing the availability of amino acids and thereby
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hindering the synthesis of proteins necessary for growth,
development, and reproduction (Broadway and Duffey
1986; Gatehouse 2011).

The previous studies demonstrated the presence of cys-
teine peptidases in the gut of some Coleopterans (Murdock
etal. 1987; Campos et al. 1989; Terra and Cristofoletti 1996;
Cristofoletti et al. 2005; Tribolium Genome Sequencing
Consortium 2008; Vorster et al. 2015). According to Soares-
Costa et al. (2011), the major digestive peptidases present in
S. levis larvae are cathepsins L-like cysteine peptidases that
initiate digestion in the anterior and middle midgut. This
activity is followed by two minor trypsins in the middle and
posterior midgut, and is finished by a negligible membrane-
bound aminopeptidase (chymotrypsin) on the surface of
middle and posterior midgut cells. Fonseca et al. (2012)
reported the recombinant expression and biochemical char-
acterization of a digestive cathepsin L-like enzyme (SI-
CathL) from the midgut of S. levis larvae. The EST for this
gene represented the most abundant analyzed EST (10.49%)
in the library of the S. levis transcriptome project, which
substantiates that cysteine peptidases are the major enzymes
of the midgut. Recently, pectinases were identified as
accessory digestive enzymes in S. levis (Evangelista et al.
2015). Thus, a strategy based on the overexpression of cys-
teine peptidase inhibitors (cystatins) in sugarcane plants may
be effective against S. levis larval attack.

Transgenic plants expressing cystatins impair the growth
and development of insects and can thereby enhance crop
production (Leplé et al. 1995; Jouanin et al. 2000; Lawrence
and Koundal 2002; Hagq et al. 2004; Outchkourov et al. 2004;
Ribeiro et al. 2006, Nogueira et al. 2012; Chen et al. 2014).
Bioassays with insects that have fed on transgenic plants
overexpressing cystatins are an efficient method for evalu-
ating the effect of cysteine peptidase inhibitors on insect
growth and development. However, similar studies have not
yet been conducted with S. levis.

We reported previously that CaneCPI-1 purified from
transgenic sugarcane was able to inhibit the catalytic activity
of midgut cysteine peptidase enzymes of S. levis (Ribeiro
et al. 2008). In this work, we report for the first time that the
overexpression of the CaneCPI-1 gene in transgenic sugar-
cane retards the growth and development of S. levis larvae
that feed on the transgenic plants and that the transgenic
plants show less damage caused by larval attack.

Materials and methods
Construction of expression vector
The sugarcane cysteine peptidase inhibitor 1 (CaneCPI-1)

gene used in this study was amplified from the pET28-
canecys plasmid (Soares-Costa et al. 2002), which
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contained CaneCPI-1 from the sugarcane SP80-3280 cul-
tivar. This cultivar is a commercial hybrid derived from a
cross between Saccharum spontaneum and Saccharum
officinarum (Vettore et al. 2003). The primers were
designed using the Primer 3 program, version 4.0 (Rozen
and Skaletsky 1999). The anchored primers CaneF_Bam
and CaneR_Bam (Table 1) with BamHI restriction enzyme
sites were used. Briefly, 10 ng of the pET28canecys vector,
0.2 mM of dNTPs (Invitrogen), 1 x PCR buffer (20 mM
Tris—HCI pH 8.4), 1.5 mM MgCl,, 20 pmol of each pri-
mer, and 1 U of Tag DNA Polymerase (Invitrogen) were
used in a 100 pL final reaction volume. The following PCR
reaction conditions were used: [1x] 94 °C for 1 min,
[35x] 94 °C for 30 s, 48 °C for 30 s, 72 °C for 1 min, and
[1x] 72 °C for 5 min. The amplification product was
recovered from agarose gel slices using the Wizard Gel and
PCR Clean-up System (Promega) and digested with the
enzyme BamHI (Fermentas). The pAHC17 vector was
digested with the same enzyme and dephosphorylated with
2 U of the shrimp alkaline phosphatase (SAP) enzyme
(Amersham Biosciences) prior to the ligation. The newly
constructed pAHCaneCPI-1 plasmid was confirmed by
sequencing, using the DYEnamic ET Terminator Kit
(Amersham Biosciences) in an ABI Prism 377 DNA
Sequencer (Applied Biosystems).

Transformation, regeneration, and selection
of sugarcane plants

The expression vector used for the genetic transformation
of sugarcane was pAHC17, which contains the constitutive
maize ubiquitin promoter (Ubi-I) for high-level transgene
expression in monocots (Christensen and Quail 1996). All
procedures related to the transformation and regeneration
of sugarcane plants, as well as RT-qPCR and bioassays,
were performed at the Sugarcane Technology Center
(CTC) (Piracicaba, SP, Brazil). Specimens of S. levis were
kindly provided by the Entomology Laboratory of the
CTC.

Three-month-old embryogenic calli from the sugarcane
cultivar SP80-185 were used for biolistic transformation.
Like SP80-3280, the SP80-185 sugarcane cultivar is also a
commercial hybrid derived from a cross between S. spon-
taneum and S. officinarum. Calli were co-bombarded with
both pAHCaneCPI-1 and pHA9, which carries geneticin as
a selectable marker. The plasmids were co-precipitated
with the particles following the method described by Klein
et al. (1988). After bombardment, the calli were maintained
for 7 days on a medium without antibiotics for recovery.
Transgenic calli were selected on a medium containing
geneticin for 40 days. Later, the calli were transferred to
regeneration medium. Rooted plants were obtained after
approximately 90 days. Non-transformed control plants
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Table 1 Primers used in the study

Primers Sequence 5'-3’
CaneF_Bam  CACTTGGATCCGTCAGCGATGGCCGAGG
CaneR_Bam  CAGCAGGATCCTTAGGCGTCCCCGACCGGCTG
Ubi_forward ~GGCATATGCAGCATCTATTCA
ST2001F* CCCATATGCAGATATTTGTG
ST2001R* CCGGATCCTTACTGCCCACC
CaneCPI- ATGGCCGAGGCACACAACGGGCGGC
1_F
CaneCPI- GGCGTCCCCGACCGGCTGGAAGCTC
I_R
ST2001F_RT- CCCATAAGATATTTGTGCTG
qPCR*
ST2001R_RT- CCGGATCCTTACCCACCTGC
gPCR?

# Reference gene

were also obtained through regeneration for comparison.
The culture room was maintained at 24 &£ 2 °C with a
photoperiod of 12 h.

The regenerated plants were tested for CaneCPI-1 inte-
gration into the sugarcane genome using the primers Ubi_-
forward and CaneR_bam (Table 1). Briefly, 20 ng of DNA,
0.2 mM of dNTPs (Invitrogen), 1x PCR buffer (20 mM
Tris—HCI pH 8.4), 1.5 mM MgCl,, 8 pmol of each primer,
and 1 U of Taqg DNA Polymerase (Invitrogen) were used in a
25 pL final reaction volume. The following PCR reaction
conditions were used: [1x]94 °C for 1 min, [40x]94 °C for
30s, 48 °C for 30 s, 72 °C for 1 min, and [1x] 72 °C for
5 min. The amplification products were analyzed in a 1%
agarose gel stained with ethidium bromide.

Immunoblotting

Total protein was isolated from approximately 200 mg of
transgenic and non-transgenic sugarcane leaves using the
Trizol Reagent (Invitrogen). The protein concentration was
measured using the Bio-Rad Protein Assay Reagent (Bio-
Rad). Equal amounts of protein samples from each clone were
separated by 15% SDS-PAGE and transferred to an Invitrolon
polyvinylidene fluoride (PVDF) membrane (Invitrogen). The
membrane was blocked in TBS buffer (50 mM Tris—HCI, pH
8.0, 150 mM NaCl) with 5% defatted milk and washed with
TBS Buffer. Later, the membrane was incubated with the
specific anti-CaneCPI-1 antibody (1:3000 dilution) and
washed again with TBS. Finally, the membrane was incubated
with AP-labeled anti-mouse IgG (Sigma) (1:10,000 dilution)
and detected using the AP Conjugate Substrate Kit (Bio-Rad).
The employed mouse anti-CaneCPI-1 polyclonal antibody
was previously generated by Soares-Costa et al. (2002).

RNA isolation and ¢cDNA synthesis

Total RNA was isolated from 100 mg of fresh sugarcane
leaves using the Trizol Reagent (Invitrogen). RNA was
quantified in a spectrophotometer, and the integrity was
assessed in a 1% agarose gel. Each RNA sample was
treated with Amplification Grade DNase I (Invitrogen).
The RT reaction was performed with two micrograms of
treated RNA using the Improm II Reverse Transcription
System Kit (Promega).

Semi-quantitative RT-PCR analysis

The CaneF_bam and CaneR_bam oligonucleotides were
used for the CaneCPI-1 gene, and the ST200/F and
ST2001R oligonucleotides were used for the polyubiquitin
reference  gene  (Genbank  Accession  Number:
CA179923.1) (Table 1). Six dilutions of cDNA were used
in amplification reactions (1:2, 1:4, 1:8, 1:16, 1:32, and
1:64). The PCR was performed under the same conditions
used for the CaneCPI-1 gene amplification. The amplifi-
cation products were analyzed on a 1% agarose gel and
visualized using the ChemiDoc™ MP System. The plants
that showed high levels of expression were selected for
further immunoblot and RT-qPCR analysis.

RT-qPCR analysis

Reverse transcription quantitative PCR (RT-qPCR) was per-
formed according to Bustin et al. (2009). The reaction con-
tained 3 pL of cDNA, 1x Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen), and 0.4 mM of each primer
(CaneCPI-1_F and CaneCPI-1_R for the CaneCPI-1 gene
and ST2001F_RT-qPCR and ST200IR_RT-qPCR for the
polyubiquitin reference gene) in a final volume of 10 pL. The
reactions were conducted in triplicate in the ABI 7500 Real
Time PCR System (Applied Biosystems). The reaction con-
ditions were 2 minat 50 °C, 10 min at95 °C, [40x]95 °C for
15,50 °Cfor30 s,72 °Cfor40 s,and [1x]7 minat72 °C.
The melting curve was analyzed for each reaction to confirm
the specificity of the amplification products.

The reactions were optimized for an amplification effi-
ciency between 90 and 110%, a slope between —3.0 and
—3.6 and R* > 98%. The data were analyzed using the
2742 method (Livak and Schmittgen 2001). The Relative
Expression Software Tool (REST) 2005, version 2.0.13,
was used to determine the significance of differences in
gene expression (Pfaffl et al. 2002). Observed differences
in CaneCPI-1 gene expression between transgenic and non-
transgenic sugarcane were considered to be significant
when p values were less than 0.05 with a 95% confidence
interval.
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Feeding bioassay

The transgenic sugarcane clones that exhibited higher
levels of CaneCPI-1 expression and non-transformed sug-
arcane (Fig. 1a) were multiplied in vitro to obtain 12 plants
for the feeding bioassay. Three independent experiments
were performed. Later, the plants were transferred to a
greenhouse and maintained until they reached a height of
approximately two meters. The S. levis eggs were placed
on an artificial diet developed by Degaspari et al. (1987)
and were cultured until the 10-day-old larvae stage. Then, a
larva was introduced into the stem base of each transgenic
and non-transgenic plant. For the inoculation, a manual
perforation was made, and a larva was inoculated into each
clump (Fig. 1b, c). The hole was sealed with an adhesive
tape to prevent the entry of other insects and predators
(Fig. 1d). After 10 days, the plants were analyzed for the
damage caused by larval feeding, which was represented in
terms of centimeters, and the weight of the S. levis larvae
was determined.

Results

Generation of transgenic sugarcane plants and PCR
analysis

After selection with geneticin, 35 plants were regenerated
and used for PCR analysis. Of these plants, 30 were posi-
tive for the CaneCPI-1 gene, which was verified by the
presence of an expected amplified fragment of 520 bp, of
which 320 bp correspond to CaneCPI-1 and 200 bp

Fig. 1 Feeding bioassay
procedures for S. levis larvae
introduction into the stem base
of sugarcane. a Plants selected
for the bioassay; b opening a
perforation in the stem base of
the plants; ¢ larvae entering the
plant with the help of a channel;
and d hole closed with adhesive
tape. An arrow indicates the
location at which the larvae
were introduced
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correspond to the partial maize ubiquitin promoter (Fig. 2).
No amplification was observed for the non-transformed
control plant.

Immunoblot assay

The 30 PCR-positive transgenic clones were evaluated
using immunoblot assays. The anti-CaneCPI-1 antibody
was specific (1:3000 dilution), enabling specific recogni-
tion of the cystatin in protein crude extracts of sugarcane
leaves. The results showed that transgenic clones 1 and 17
had higher CaneCPI-1 protein expression than the other
clones and the non-transformed sugarcane (Fig. 3).

Semi-quantitative RT-PCR

CaneCPI-1 gene expression levels in the transgenic sug-
arcane clones selected by immunoblot assays and non-
transgenic sugarcane were evaluated by semi-quantitative
RT-PCR. An amplification product of 320 bp correspond-
ing to the transgene and 250 bp corresponding to the
polyubiquitin reference gene was observed. CaneCPI-1
gene expression was higher in transgenic sugarcane (clones
1 and 17) than in wild-type plants (Fig. 4a). Polyubiquitin
gene expression was constant among the transgenic and
non-transgenic sugarcane plants (Fig. 4b).

RT-qPCR
to evaluate the

RT-qPCR analysis was performed

CaneCPI-1 expression of transgenic clones 1 and 17 and
wild-type sugarcane in independent experiments. An
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Fig. 2 Screening of putative M 1
transgenic sugarcane plants by
PCR. A 1% agarose gel showing
the amplified products in DNA
samples from regenerated
plants. M 1 kb ladder, Columns
1-35 regenerated plants, WT
non-transformed plant, C+
positive control (pAHCaneCPI-
1 construct), and C— negative
control

500 bp

500 bp

Fig. 3 Immunodetection of CaneCPI-1 in crude protein extracts from
transgenic and non-transgenic sugarcane leaves. a Coomassie Blue-
stained proteins after SDS-PAGE (15%) separation of equal amounts
of protein; b the same proteins transferred to a PVDF membrane
incubated with polyclonal anti-CaneCPI-1. M bench mark protein
ladder, R CaneCPI-1 recombinant protein produced in E. coli and
purified, WT crude protein extracts from untransformed plants, / and
17 crude protein extracts from the transgenic clones

increase in CaneCPI-1 gene expression was observed in
transgenic clones 1 (2.75-fold) and 17 (8-fold) in com-
parison to non-transformed plants (Fig. 5).

Feeding bioassay

The aim of this experiment was to evaluate the damage
caused by the attack of S. levis larvae in transgenic and
non-transgenic sugarcane plants. In addition, growth and
development of S. levis larvae that fed on transgenic and
non-transgenic sugarcane were also analyzed. The damage
was evaluated in terms of centimeters for sugarcane and

23 456 78 910111213 1415 16 1718 1920 21 22 232425

520 bp

M 26 2728 29 303132 33 3435C+ WT -

520 bp

reached an average of 3.9 and 4.3 cm in transgenic clones 1
and 17, respectively, and 12.7 cm in non-transformed
plants (Fig. 6a, b). Larvae that fed on the transgenic sug-
arcane clones 1 and 17 weighed an average of 38.2 and
35.6 mg, respectively, whereas the larvae that fed on the
non-transformed sugarcane weighed 74 mg (Fig. 6¢c, d).

Discussion

Brazil is the world’s top producer of sugarcane, with a total
production of 665.6 million tons in 2015-16, and a large
acreage of 8.65 million hectares is devoted to sugarcane
cultivation (Companhia Nacional de Abastecimento—
CONAB 2016). Due to the tropical climate and the large
land area, the crop is vulnerable to infestation by several
insect pests, of which S. levis is known to cause severe
damage. The larvae bore into the clumps of sugarcane
above soil level, digging irregular galleries. This process
reduces sugarcane biomass accumulation and longevity,
causing losses that can reach 30 t or more/ha. Infested
fields must be destroyed completely to prevent further
attack. Because the larvae are present inside the sugarcane
stem base and the adults thrive below the soil level,
chemical insecticides cannot penetrate efficiently. Very
few control methods are currently available for S. levis, and
the available methods are not very effective. Sugarcane
baits treated with 85% Carbaril can be used as a control
measure and to detect the presence of adult weevil popu-
lations in the field. Other chemical insecticides, such as
Fipronil 4+ Alfa-cypermethrin or Bifenthrin, Imidacloprid,
and Fipronil 4+ Carbofuran, can be used in recently har-
vested areas or over sugarcane ratoons to prevent further
infestation. Biological control using baits treated with
Beauveria bassiana and Metarhizium anisopliae is also
possible but requires optimal conditions for fungal growth

@ Springer
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Fig. 4 Semi-quantitative RT-PCR. One percent agarose gels showing
the PCR amplification products in cDNA from untransformed
sugarcane and sugarcane transformed with the pAHCaneCPI-1
construct. a CaneCPI-1 gene expression. b Polyubiquitin reference
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Fig. 5 Relative expression of CaneCPI-1 gene in transgenic sugar-
cane clones 1, 17 and non-transformed (WT) sugarcane relative to
polyubiquitin in two independent experiments. Error bars were
calculated according to Livak and Schmittgen 2001. The differences
between transgenic and non-transgenic sugarcane were considered to
be statistically significant when p < 0.05

(Gallo et al. 2002; Santos et al. 2015). Hence, an alternative
strategy that uses transgenic sugarcane resistant to S. levis
would be a promising approach.

Several attempts have been made by overexpressing
peptidase inhibitors in transgenic plants to impair insect
growth and development (Lawrence and Koundal 2002;
Habib and Fazili 2007). Transgenic Brassica napus over-
expressing oryzacystatin-1 (OC-1) was used to feed aphids
of Myzus persicae and reduced the weight and fecundity of
the insect. This effect may be due to the presence of
cathepsin L/H-type cysteine peptidases which are the pre-
dominant digestive enzymes in M. persicae (Rahbé et al.
2003). Moreover, this insect exhibited delays in the time
required to reach the adult stage and in the reproductive
rate when fed on Arabidopsis thaliana plants overex-
pressing the Barley cystatin HvCPI-6 (Carrillo et al. 2011).
Alvarez-Alfageme et al. (2007) reported that Colorado
potato beetle (Leptinotarsa decemlineata) larvae that fed
on transgenic potato plants overexpressing the variant
HvCPI-1 C®® - G exhibited reduced larval growth.
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500 bp

gene expression. / and 17 transgenic sugarcane clones 1 and 17, WT
non-transformed sugarcane, M 1 kb DNA ladder and /, 2, 4, 8, 16, 32,
64 RT-PCR dilutions (1:1, 1:2, 1:4, 1:8, 1:16, 1:32, and 1:64)

Feeding bioassays with the second and third instars of
Phytodecta fornicata revealed significantly increased
mortality, which reached approximately 80% of the insects
in these instars (Ninkovic et al. 2007).

The CaneCPI-1 used in this study exerts strong inhibi-
tory activity against cysteine peptidases from plants and
mammals. Oliva et al. (2004) observed that a HisCaneCPI-
1 expressed in Escherichia coli was able to inhibit the
mammalian cysteine peptidases cathepsin L (K; = 0.6 -
nM), cathepsin V (K; = 1.0nM), and cathepsin K
(K; = 0.76 nM) and the plant cysteine peptidases papain
(K; = 3.3 nM) and baupain (K; = 21 nM). The HisCa-
neCPI-1 purified from a transgenic sugarcane showed
similar inhibition against human cathepsin L (K; value of
0.9 nM) (Ribeiro et al. 2008). Cysteine peptidases in bee-
tles are biochemically similar to cathepsins L and B in
mammals and are usually the main digestive enzymes
present in the midgut of larvae, acting at pH 5.0 (Terra and
Ferreira 1994). Ribeiro et al. (2008) previously reported the
expression and purification of HisCaneCPI-1 in transgenic
sugarcane to validate sugarcane as a platform for recom-
binant protein production. However, those authors did not
evaluate the in vivo effect of CaneCPI-1 overexpression on
S. levis larvae, which was performed in this study. More-
over, pAHCaneCPI-1 differs from the previous construct of
Ribeiro et al. (2008) due to the histidine tag and does not
permit purification by affinity chromatography.

Our results showed that CaneCPI-1 protein was detected
by immunoblotting, and gene expression was confirmed by
semi-quantitative PCR and RT-qPCR in both transgenic
and non-transgenic sugarcane cultivar SP80-185. The
detection of HisCaneCPI-1 in transgenic and non-trans-
genic sugarcane was also reported by Ribeiro et al. (2008),
which indicates that CaneCPI-1 exhibits basal expression
in non-transgenic sugarcane. Finally, our results suggest
that the overexpression of CaneCPI-1 in transgenic
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Sugarcane Clones

Fig. 6 Evaluation of damage caused by larval attack in transgenic
and non-transgenic sugarcanes and effect of CaneCPI-1 on S. levis
larval growth. a Average damage. b Representative photograph of
sugarcane damage caused by larvae. ¢ Average larval weight.
d Representative photographs of larvae. S. levis larvae fed on

sugarcane impairs the growth and development of S. levis
larvae that feed on the plants. A weight reduction of
approximately 50% was observed in larvae that fed on
transgenic plants in comparison to non-transgenic sugar-
cane. Moreover, the transgenic sugarcane inoculated with
S. levis larvae exhibited less damage, which is likely due to
the role of cystatin in the inhibition of cysteine peptidases.
CaneCPI-1 inhibits 85% of cysteine peptidase activity of S.
levis larvae midgut in vitro (Ribeiro et al. 2008). CaneCPI-
1 also inhibits a cathepsin L-like cysteine peptidase from
the midgut of S. levis with a K; value of 2.38 nM. Thus,
these evidences and the predominance of cysteine pepti-
dases as midgut enzymes in S. levis explain the observed
delay in the growth of larvae that fed on transgenic sug-
arcane overexpressing CaneCPI-1. No significant devel-
opmental alterations in morphology or growth were
observed among the transgenic and non-transgenic sugar-
cane plants. Hence, these results suggest that the overex-
pression of CaneCPI-1 in transgenic sugarcane is a
promising strategy for improving resistance to this insect.
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