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Bioinsecticides based on Bacillus thuringiensis have long been

used as an alternative to synthetic insecticides to control insect

pests. In this review, we focus on insects of the genus

Spodoptera, including relevant polyphagous species that are

primary and secondary pests of many crops, and how

B. thuringiensis toxins can be used for Spodoptera spp. pest

management. We summarize the main findings related to

susceptibility, midgut binding specificity, mechanisms of

response and resistance of this insect genus to B. thuringiensis

toxins.
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Introduction
The genus Spodoptera includes some important polypha-

gous insect species that are primary and secondary pests of

many crops such as asparagus, cabbage, pepper, tomato,

lettuce, celery, strawberry, eggplant, sugar beet, alfalfa,

cotton, corn and tobacco. From an agronomic point of

view, the most important species of this genus are Spo-
doptera exigua (Hübner) (worldwide distributed), Spodop-
tera frugiperda (JE Smith) (native to the tropical regions of

the western hemisphere from the USA to Argentina),

Spodoptera littoralis (Boisduval) (Europe and Africa) and

Spodoptera litura (Fabricius) (Indo-Australian tropics).

The bacterium Bacillus thuringiensis (Bt) produces a wide

range of toxins which are active against a number of pest

species in the orders Lepidoptera (including Spodoptera
spp.), Coleoptera, Diptera, Hymenoptera, Hemiptera and

Blattaria [1,2]. Bioinsecticides based on this bacterium

have been used for years as an alternative to chemical
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insecticides to control insect pests. One of the most

interesting features of B. thuringiensis bioinsecticides is

their specificity: they are completely safe to vertebrates

and do not harm beneficial insects. This specificity is due

to the mode of action of their toxins. After ingestion, these

toxins are activated by the action of digestive enzymes,

bind to specific receptors in the epithelial cells of the

midgut and induce pores in the membrane which even-

tually lead to septicemia and insect death [3]. Because of

the large number of publications dealing with the insec-

ticidal spectrum of B. thuringiensis toxins, in 1998 a toxin

specificity database was created to pull together most

information available on this subject (http://www.glfc.cfs.

nrcan.gc.ca/bacillus).

In the present paper, we review the current knowledge on

the specificity of B. thuringiensis toxins against Spodoptera
spp., their binding to host receptor molecules, as well as

the means by which insects from this genus can overcome

their toxic effects.

Susceptibility of Spodoptera spp. to B.
thuringiensis toxins
Several papers have determined the specificity of indi-

vidual B. thuringiensis toxins against Spodoptera spp. to

identify those toxins with the highest potential to be used

as bioinsecticides and for the development of transgenic

crops for the control of Spodoptera spp. Most studies on

the genus Spodoptera have been carried out with S. exigua
and S. frugiperda, followed by S. littoralis and S.
litura. Bioassays have been carried out with a number

of B. thuringiensis Cry proteins belonging to the Cry1,

Cry2, Cry3, Cry7, Cry8, Cry9, Cry15, Cry22, Cry48/49,

and Cry54 families and also with the secretable Vip1,

Vip2, and Vip3 proteins [4–6,7�]. To date, a limited

number of B. thuringiensis proteins have been found active

against Spodoptera spp., although in some cases, the

results of bioassays are contradictory. In Figure 1 we have

summarized the activity of individual B. thuringiensis
toxins which have been tested in at least two Spodoptera
spp. In general, Cy1Ca, Cry1Fa, Vip3Aa, Vip3Ab, and

Vip3Ae are considered to be active against Spodoptera spp.

(at least to three Spodoptera species) [1,5,7�,8]. Other

proteins, such as Cry1Bb, Cry1Da, and Vip3Af, have also

been reported to be active against at least two Spodoptera
spp. [1,5,7�,9]. Unfortunately, Cry1A proteins, the most

common in commercial B. thuringiensis products and in

Bt-crops (insect-resistant transgenic crops expressing one
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Figure 1
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Toxicity of some B. thuringiensis toxins against Spodoptera spp. The figure includes only those B. thuringiensis toxins tested to at least two

different insect species. Data from this figure were extracted from the B. thuringiensis specificity database (http://www.glfc.cfs.nrcan.gc.ca/

bacillus) and later reports [5,6,7�,8,16,26,56]. The activity of the toxins is indicated as strong (green), moderate (yellow), and non-active (red).

Cases for which contradictory results were reported are indicated by empty circles.
or more insecticidal proteins from B. thuringiensis), have

low or no activity against most Spodoptera spp. [1,8,10].

Binding of B. thuringiensis toxins to the
Spodoptera midgut
Binding of B. thuringiensis toxins to insect midgut recep-

tors is a necessary step for toxicity [9,11,12]. Indeed, toxin

binding alteration has been associated with high levels of

resistance in insect populations [13]. In this context, if

different B. thuringiensis toxins share the same binding

site, an alteration of this site could confer cross-resistance

to all toxins that share the same site. Therefore, the study

of the molecules involved in the binding of B. thuringiensis
toxins is crucial for the correct design of pest control

management strategies.

Midgut binding sites

To date, studies performed with brush-border membrane

vesicles (BBMV) prepared from midgut tissues and B.
thuringiensis toxins labeled with either iodine-125 or bio-

tin, have shown that Spodoptera spp. have midgut binding

molecules that specifically bind Cry1C, Cry1D, Cry1F,

Cry1B, Cry1E, Cry1Aa, Cry1Ab, and Cry1Ac [8,9,14–22],

Cry9Ca [17], and Vip3A proteins [20,23�]. Despite Cry1A

proteins not being very active against Spodoptera spp.,

they also bind with high affinity to midgut binding sites.

Heterologous competition studies have helped determine

whether different B. thuringiensis toxins share binding

sites in the Spodoptera midgut. If shared binding is

indicated, it may involve all or just some of the relevant

sites. Partial competition is an indication of more than one

binding site. Studies performed with BBMV from S.
frugiperda and S. exigua have shown that Cry1Ca (one

of the most toxic proteins to Spodoptera spp.) binds to sites

partially shared by Cry1Ba, Cry1Bb, and Cry9Ca, but not

by Cry1A proteins or Cry1Ea [9,17,19,21,24]. Cry1Fa was

found to compete with labeled Cry1Ca in S. exigua and S.
frugiperda [9]. However, in a more recent work with
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S. frugiperda, these two toxins did not compete to each

other in reciprocal heterologous competition experiments

[25��]. In S. littoralis, Cry1C and Cry1E compete for a

common site in addition to their independent binding

sites [22].

Cry1Fa does not share binding sites with Cry2Ab and

Cry2Ae proteins, but it does with Cry1Ab, Cry1Ac and

Cry1A.105 (a chimeric protein with domains I and II of

Cry1Ac and domain III almost identical to cry1Fa) in S.
frugiperda [9,16,20] and with Cry1Ja in S. exigua [18].

Cry1Ab and Cry1Ac proteins share two binding sites in

S. exigua, one of them also shared with Cry1Aa [19]. Vip3

proteins (Vip3Aa and Vip3Af) do not share binding sites

with Cry proteins (Cry1Ab, Cry1Ac, Cry1Fa, and Cry1Ia)

in S. frugiperda [20,23�,26]. The information derived from

the heterologous competition binding experiments has

been recently revised by Jakka et al. [27]. A schematic

summary of the binding sites for Cry and Vip proteins in

Spodoptera spp. is shown in Figure 2.

Molecules identified as functional receptors for B.

thuringiensis toxins

The identity of some receptor molecules involved in the

B. thuringiensis toxin binding in Spodoptera spp. is known,

though much less work has been done compared to other

insect species. This section reviews those studies that

have demonstrated a functional role of the putative

receptor molecules and a schematic summary is given

in Figure 2. RNA interference (RNAi) technology has

been applied to B. thuringiensis toxin receptor studies.

Administration of dsRNA to S. litura larvae identified an

aminopeptidase N (APN) protein as a receptor for Cry1C

[28]. Using heterologous protein expression in cultured

insect cells and subsequent toxin exposure, it was shown

that S. litura APN was a receptor for Cry1C but not for

Cry1Ac [29]. The role of APN1 in Cry1Ca toxicity was

reinforced after the study of a Cry1Ca resistant S. exigua
strain revealed that resistant insects lacked the expression
www.sciencedirect.com
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Figure 2
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of the apn1 gene [30��]. More recently, by feeding S.
exigua larvae with dsRNA targeting six APNs revealed

that silencing of three of them (SeAPN1, SeAPN3 and

SeAPN6) significantly reduced the susceptibility of larvae

to Cry1Ca, suggesting their role as functional candidate

receptors for Cry1Ca in this insect species [31].

The RNAi technology also allowed the identification of S.
exigua cadherin as a binding protein for Cry1Ca [31bis],

Cry1Ac [31bis,32,33��] and Cry2Aa [32]. Interestingly,

Cry1Ca and Cry1Ac, or Cry1Ac and Cry2Aa do not

compete for the same binding sites, what suggests that

these proteins may bind to different epitopes on the

cadherin protein [32,33��]. Functional analyses of ATP

binding cassette (ABC) subfamily C2 and C3 supports the

involvement of both ABC transporters in the mode of

action of proteins Cry proteins. Silencing either of these

two transporters with dsRNA decreased the susceptibility

of S. exigua larvae to both Cry1Ac and Cry1Ca [34��].

The yeast two-hybrid system was used to identify the

ribosomal protein S2 as a Vip3A receptor in S. frugiperda
cell cultures (Sf21) [35]. The functional role of protein S2

was further confirmed by knockdown of its expression in

S. litura, which resulted in reduced mortality when larvae

were exposed to the B. thuringiensis toxin [35].
www.sciencedirect.com 
Response to B. thuringiensis and its toxins
Insect susceptibility to B. thuringiensis depends on a series

of concatenated events defined by its mode of action. The

ingestion of B. thuringiensis and/or its toxins activates

different mechanisms of response in the insect aimed

to reduce or alleviate the cellular and tissue damage as

well as to prevent additional damage produced by the

bacteria and/or its toxins. Mechanisms and genes in-

volved in response to B. thuringiensis intoxication remain

to be elucidated, although studies conducted on Spodop-
tera spp. are contributing to our understanding of the

mechanisms developed by insects to overcome the detri-

mental effects of B. thuringiensis. Many of those studies

have been carried out on S. exigua, which has become a

good model for the study of insect response to B. thur-
ingiensis. Several transcriptomic approaches have allowed

the identification of a set of genes involved in the re-

sponse to this bacterium and its virulence factors. These

set of genes have been found to be involved in many

different aspects of the insect biology. A summary of the

main findings is provided in Figure 3.

Serine proteinases

Food digestion is the main activity of the larval midgut,

and as a consequence, its lumen is equipped with a

large and diverse set of digestive enzymes [36]. Serine
Current Opinion in Insect Science 2016, 15:89–96
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Figure 3
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proteinases are the main digestive enzymes but also play

an important role in the processing of B. thuringiensis
toxins. In general, down-regulation of several serine pro-

teinases has been observed after ingestion of B. thurin-
giensis commercial products [37], as well as individual B.
thuringiensis toxins, including Vip3Aa [38]. In S. frugiperda,

a trypsin-like serine proteinase (SlT6) was found to be

down-regulated in response to the Cry1Ca toxin [39].

Silencing of this proteinase by RNAi decreased S. frugi-
perda susceptibility to Cry1Ca, suggesting that down-

regulation of serine proteinases could serve as a mecha-

nism to reduce the action of this toxin [39].

Antimicrobial peptides

Antimicrobial peptides (AMPs) are small molecular

weight proteins able to kill or block bacterial growth

representing one of the main elements of insect humoral

defense, and are one of the first barriers against the

progress of the bacterial infections [40]. Several studies

have shown a strong up-regulation of AMPs in the midgut

of S. exigua larvae exposed to Cry1Ca or Vip3Aa toxins

[38,41�]. Crava et al. [41�], in a detailed study of more than

30 AMPs from S. exigua, found that most of them were up-

regulated after Cry1Ca or Vip3Aa ingestion. Because

these two toxins have different modes of action, the

results suggest that up-regulation of AMPs was probably

associated to the cell damage produced by the toxins. In
Current Opinion in Insect Science 2016, 15:89–96 
this study, the main AMPs up-regulated with both toxins

included: five diapausins, spodoptericin, lebocin 1, mor-

icin, cobatoxin A and gloverin. In agreement with the role

of AMPs in defense against B. thuringiensis, Hwang and

Kim [42] reported that silencing of gloverin by RNAi in S.
exigua increased larval susceptibility to B. thuringiensis.

REPAT proteins

A large group of midgut specific proteins expressed in

Spodoptera spp. is the REPAT superfamily. The first

members (REPAT1 to REPAT4) were found to be

strongly up-regulated in response to different toxins

and also to the infection by baculoviruses [43]. To date,

more than 40 different members have been described,

many of them being up-regulated after larval treatment

with Cry1Ca, Vip3Aa and also with B. thuringiensis for-

mulations [37,38,44,45]. Despite the fact that the role of

these proteins is still unknown, their ability to form

heterodimers and translocate into the cell nucleus has

suggested their possible role as transcription (co-)factors,

regulating the response to cellular damage and/or cell

differentiation [44,45].

Other proteins

Monomeric a-arylphorin has been described as a mito-

genic factor associated with cell proliferation and replace-

ment [46]. Arylphorin was found to be up-regulated in
www.sciencedirect.com
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response to B. thuringiensis formulations and the Cry1Ca

toxin in S. exigua, suggesting its possible effect in pro-

moting repair of the midgut epithelium after damage

produced by B. thuringiensis toxins [37]. However, in

another study in S. exigua, the same protein was found

to be down-regulated in response to Vip3Aa intoxication

[38]. Interestingly, reduction of the ABCC2 expression by

RNAi also induced the up-regulation of arylphorin in the

absence of exposure to Bt [34��]. Genes coding for chitin

deacetylases, enzymes that increase the permeability of

the gut peritrophic membrane (PM) [47], were found to

be among the strongest down-regulated genes after in-

toxication of S. exigua larvae with the Vip3A toxin [38].

Chitin deacetylase genes have also been found down-

regulated in Helicoverpa armigera and S. exigua after bacu-

lovirus infection and, more recently, after feeding H.
armigera larvae with a mixture of spores and crystals from

B. thuringiensis [48]. As previously proposed [38,47], this

regulation could be explained as a mechanism to decrease

PM permeability and reduce the amount of toxin passing

through the PM and binding to the midgut epithelial

cells.
Table 1

Spodoptera spp. colonies, resistant to B. thuringiensis products or 

resistance

Species Origin Selection conditions Name 

Toxin/Bt Type 

S. exigua Alabama Cry1Ca Lab – 

S. exigua France Cry1Ab Lab FRA-R 

S. exigua Alabama XentariTM Lab Xen-R 

S. frugiperda Puerto

Rico

Cry1Fa Field-

evolved

456 

S. frugiperda Puerto

Rico

Cry1Fa Field-

evolved

519 

S. litura Egypt Cry1C Lab Cry1C resistant 

S. litura Egypt Vip3A Lab Vip3A resistant 

a Number of episodes of selection after which the insects were tested. IF sta

from the isofamily without applying lab selection.
b RR = resistance ratio calculated as the LC50 of the resistant strain divide
c Mechanism of resistance: increased nonspecific binding (" NS binding

alkaline phosphatase (# mALP).
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Mechanisms of resistance to B. thuringiensis
toxins in Spodoptera spp.
Studies with resistant insects have provided very valuable

information on the key steps in the mode of action of B.
thuringiensis toxins and the type of genes involved in

resistance. In the early 1990s very few cases of insect

resistance to B. thuringiensis toxins had been described

[13] and it was not until the mid-1990s that resistance to

B. thuringiensis was first reported in S. exigua [49] and S.
littoralis [50].

The first study on the mechanisms of resistance to B.
thuringiensis toxins in Spodoptera spp. was carried out with

a S. exigua colony established with insects collected from

conventional cotton fields in Alabama, US. After 25 gen-

erations of selection with Cry1Ca, resistance to this

protein reached a level of 850-fold compared with a

susceptible colony [49]. The selected insects also

showed cross-resistance to Cry1Ab, Cry2Aa and Cry9Ca

(Table 1). Binding analysis of Cry1Ca to BBMV showed a

slight difference between the two colonies, with the

resistant insects having a fivefold decrease in affinity
toxins, which have been evaluated for the biochemical basis of

Details on Resistance Resistance

mechanismc
Reference

ESa Toxin/Bt RRb

25 Cry1Ca 850 " NS Cry1Ca

binding

Lack of APN1

[30��,49]

22 Cry1Ab 93

34 Cry2Aa 73

34 Cry9Ca 12

19 Cry1Ab >30 � processing [51]

13 Cry1Ca >20

13 Cry1Da 26

13 Cry1Fa >8

15 years XentariTM >1000 "expression of

genes of

response

[34��,37]

" NS Cry1Ca

binding

# irreversible

Cry1Ca binding

Mutated ABCC2

transporter

IF Cry1Fa 7700 # mALP [25, 55]

Cry1Ac 42

IF Cry1Fa 10 000 # mALP [25]

Cry1Ac 89

8 Cry1C 30 # proteases [52]

8 Vip3A 285 # proteases [52]

nds for isofamily, indicating that resistance values were obtained direct

d by the LC50 of the susceptible control strain.

), unaltered processing (� processing), decreased membrane-bound

Current Opinion in Insect Science 2016, 15:89–96
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and higher nonspecific binding. A later study found that

APN1 was completely absent in the midgut of these

resistant insects [30��]. Despite the fact that Cry1Ab,

Cry1Ca, Cry2Aa and Cry9Ca bind to independent sites

and receptors (see previous sections), it is possible that

APN1 could serve as a shared receptor for these four

toxins.

More than 10 years passed until further studies on selec-

tion with Spodoptera spp. were undertaken. A laboratory

colony of S. exigua (insects collected in France and reared

for more than 10 years in the laboratory) was selected with

Cry1Ab, a protein with low activity against this species.

After 19 generations of selection, the insects developed

resistance to Cry1Ab (>30-fold resistance) and cross-

resistance to Cry1Ca, Cry1Da and Cry1Fa [51]

(Table 1). Because of the low levels of resistance and

the broad-spectrum resistance obtained, the role of mid-

gut proteases in the mechanism of resistance was sus-

pected. However, when the stability of activated Cry1Ab

was tested with midgut juice from susceptible and resis-

tant larvae, no differences were found.

In a different study, a S. exigua resistant colony was

initiated with egg masses collected from conventional

cotton fields in Alabama, US. Neonate larvae were se-

lected with XentariTM (a B. thuringiensis commercial

product containing Cry1Aa, Cry1Ab, Cry1Ca, Cry1Da,

and Cry2Ab) for 15 years, reaching a resistance ratio

greater than 1000-fold [37]. DNA-macroarray analysis

of gene expression indicated that resistant insects had

constitutive expression of genes that become up-regulat-

ed in susceptible insects after exposure to XentariTM,

suggesting a permanent activation of the genes respond-

ing to XentariTM in the resistant insects [37]. Further

work with this colony involved a bulk segregant analysis

based on high-throughput sequencing methodologies for

the mapping of major resistant genes. This approach

allowed to genetically link resistance to the ABBC2 gene

[34��]. Binding of Cry1Ca to BBMV in the resistant

insects showed minor alterations of binding parameters,

although significantly higher nonspecific binding was

noted [34��], similar to what was observed in the study

of the first S. exigua colony ever selected for resistance to

Cry1Ca [49]. Interestingly, the analysis of the binding

components (reversible and irreversible) suggested that

the mutation in the ABCC2 transporter affected the

insertion of the Cry1Ca protein into the midgut epithelial

membrane [34��].

Spodoptera litura has been selected with Cry1C and Vip3A

(independently) to reach 30-fold and 285-fold resistance

compared to a susceptible strain, respectively [52]. It was

found that major midgut proteases were reduced in the

two resistant strains, compared to those of the susceptible

strain, and that some protease isoforms were missing in a

casein zymogram.
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Resistance to maize producing the Cry1Fa protein was

first reported for S. frugiperda populations in Puerto Rico

[53], and later in Brazil [54]. Biochemical analyses of

resistant insects from Puerto Rico revealed reduced

amounts of membrane-bound alkaline phosphatase

(mALP, a putative membrane receptor of Cry1 proteins)

[55] and reduced binding of Cry1Fa, Cry1Ab and Cry1Ac

to BBMV [25]. A more detailed account of field resistance

of S. frugiperda and the mechanisms involved are dis-

cussed in Vélez et al. (in this issue).

Conclusions
Among the large number of B. thuringiensis insecticidal

proteins discovered, only a handful are suitable for the

control of Spodoptera spp. In general, Cy1Ca, Cry1Fa,

Vip3Aa, Vip3Ab, and Vip3Ae are considered to be active

against Spodoptera spp. The specificity of these bacterial

toxins is mainly conferred by specific binding sites in the

larval midgut. Several molecules have been identified as

functional receptors for B. thuringiensis toxins: APN, cad-

herin, ABCC transporters and ribosomal S2 protein.

Among the mechanisms of response to reduce or alleviate

the cellular and tissue damage caused by B. thuringiensis
toxins are the down-regulation of serine proteinases and

chitin deacetylases genes and the up-regulation of genes

coding for antimicrobial peptides and REPAT proteins.

Reduced protease activity has been found in Cry1C and

Vip3A selected strains of S. litura. However, alteration of

the binding sites is the main mechanism of resistance in

both laboratory-selected S. exigua and in field resistant S.
frugiperda. Resistance management of Spodoptera spp. for

Bt-crops should include pyrimiding toxins highly active

against these pests and binding to independent sites.

Acknowledgements

The authors have been supported by the Spanish Ministry of Science and
Innovation (grant refs. AGL2012-39946-C02-01 and AGL2014-57752-C2-
2R), by grants ACOMP/2011/094 and GVPROMETEOII-2015-001 from
the Generalitat Valenciana, and by European FEDER funds.

References

1. van Frankenhuyzen K: Insecticidal activity of Bacillus
thuringiensis crystal proteins. J Invertebr Pathol 2009, 101:1-16.

2. Crickmore N, Zeigler DR, Feitelson J, Schnepf E, Van Rie J,
Lereclus D, Baum J, Dean DH: Revision of the nomenclature for
the Bacillus thuringiensis pesticidal crystal proteins. Microbiol
Mol Biol Rev 1998, 62:807-813.

3. Adang MJ, Crickmore N, Jurat-Fuentes JL: Diversity of Bacillus
thuringiensis crystal toxins and mechanism of action. In
Advances in Insect Physiology, vol 47. Edited by Tarlochan SD,
Sarjeet SG. Academic Press; 2014:39-87 (Chapter 2).

4. van Frankenhuyzen K, Nystrom C: The Bacillus thuringiensis
toxin specificity database. 2010.

5. Hernández-Martı́nez P, Hernández-Rodrı́guez CS, Van Rie J,
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