
HAL Id: hal-04169340
https://imt-mines-ales.hal.science/hal-04169340

Submitted on 25 Jul 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Responses of different geographic populations of two
potato tuber moth species to genetic variants of

Phthorimaea operculella granulovirus
Jean-Louis Zeddam, Xavier Léry, Yannery Gómez-Bonilla, Carlos

Espinel-Correal, David Páez, François Rebaudo, Miguel Lopez-Ferber

To cite this version:
Jean-Louis Zeddam, Xavier Léry, Yannery Gómez-Bonilla, Carlos Espinel-Correal, David Páez, et al..
Responses of different geographic populations of two potato tuber moth species to genetic variants of
Phthorimaea operculella granulovirus. Entomologia Experimentalis et Applicata, 2013, pp.n/a-n/a.
�10.1111/eea.12115�. �hal-04169340�

https://imt-mines-ales.hal.science/hal-04169340
https://hal.archives-ouvertes.fr


Responses of different geographic populations of two
potato tuber moth species to genetic variants of
Phthorimaea operculella granulovirus
Jean-Louis Zeddam1,2*§, Xavier L�ery2,3§, Yannery  G�omez-Bonilla4, Carlos Espinel-
Correal5, David P�aez1, Fran�cois Rebaudo1,2 & Miguel L�opez-Ferber6
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Abstract
Phthorimaea operculella granulovirus (PhopGV) belongs to the genus Betabaculovirus of the arthro-pod-infecting 
Baculoviridae. PhopGV is able to infect several gelechiid species. Among them are the potato tuber moths Phthorimaea 
operculella Zeller and Tecia solanivora Povolny (both Lepidoptera: Gelechiidae). In various South American countries, 
PhopGV-based biopesticides are used to control either P. operculella or T. solanivora. Many trials have indicated that a 
particular viral isolate can exhibit very distinct pathogenicity when infecting different host species or different 
populations of one host species. In this study, we compared host–pathogen interactions using various PhopGV iso-lates 
and various populations of P. operculella and T. solanivora. Virus isolates from P. operculella were more pathogenic 
against their original host species than against T. solanivora. A PhopGV iso-lated from T. solanivora was less efficient 
against P. operculella. In addition, virus isolates differed in pathogenicity toward their hosts (i.e., lethal concentrations of 
isolates ranged from low to high). Unexpectedly, we also found that host populations of one species from distinct 
geographic origins did not differ significantly in susceptibility to the same PhopGV isolate. This was the case for both 
host species and for five PhopGV isolates. Comparative restriction fragment length polymorphism (RFLP) analyses of 11 
isolates including those used in bio-assays indicated three main regions of vari-ation in the genome of PhopGV, 
corresponding to the regions of open reading frame PhopGV046, gene PhopGV129 (egt), and repeat 9 (located between 
open reading frames PhopGV083 and PhopGV084). Comparison of the nucleotide sequences of the insertions/deletions 
present in these regions were carried out for the most variable isolate, JLZ9f. The results are discussed in the context of 
the production and use of PhopGV as a biological agent against these two pest species.

Introduction

Enveloped, rod-shaped viruses belonging to the family

Baculoviridae (baculoviruses) infect arthropods (insects

and crustaceans),mainly species in the orders Lepidoptera,

Hymenoptera, and Diptera (Theilmann et al., 2005). Four

genera are presently recognized within the family (Jehle

et al., 2006). The genus Alphabaculovirus (formerly

Nucleopolyhedrovirus, NPV) and the genus Betabaculovirus

(formerly Granulovirus, GV) (Fauquet et al., 2005) are the

ones counting the most insect virus species (Granados &

Federici, 1986). Betabaculovirus species only infect Lepi-

doptera. Numerous baculoviruses cause epizootics among

the populations of their insect hosts (Evans, 1986; Fuxa,
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2004) and, thus, members of the group have been consid-

ered potentially interesting biological control agents. Since

decades, numerous studies have been carried out to

develop their use in pest management programs (Yearian

& Young, 1982; Huber, 1986; Lacey & Goettel, 1995; Mos-

cardi, 1999). However, just a few of them have been widely

used, in spite of social demand and the increasing develop-

ment of insect resistance to chemical pesticides, boosting

the interest for alternative control methods. Various fac-

tors can account for this limited use of baculoviruses

(Fuxa, 1991; Cunningham, 1995), such as a narrow host

range and a low killing speed. For this reason, more work

is needed to specify the conditions and limits of their use.

Phthorimaea operculella granulovirus (PhopGV; Reed &

Springett, 1971) is largely used for biocontrol purposes

(Raman, 1994; Kroschel et al., 1996; Sporleder & Kroschel,

2008; Moura Mascarin et al., 2010. PhopGV was first pro-

duced and applied to control the cosmopolitan potato

tuber moth, Phthorimaea operculella Zeller (Lepidoptera:

Gelechiidae) (Raman, 1994). More recently, PhopGV was

also used against the Guatemala potato moth, Tecia solani-

vora Povolny (Lepidoptera: Gelechiidae) (Espinel-Correal

et al., 2010), a species which extended its distribution area

considerably within the last few decades (Puillandre et al.,

2008). Tecia solanivora distribution partially overlaps with

that of P. operculella. In some locations the former dis-

placed the latter, in other locations the species coexist

(Dangles et al., 2008) – in large areas of Central and South

America, P. operculella and T. solanivora can be found

infecting the same potato stores. Until now, little attention

has been paid to the comparative susceptibility of these

two species to the same PhopGV isolate and no compari-

son has beenmade of the pathogenicity of a given viral iso-

late among populations of a single host. These two aspects

are of major importance if the use of PhopGV is to be pro-

moted. It is essential to determine whether recommended

doses give the same level of control independent of the

host population considered. Also, in localities where the

two pests co-occur, it is essential to identify PhopGV iso-

lates that control both species effectively.

This study compiles 8 years of research in four coun-

tries to compare the pathogenicity of viral isolates among

different geographic populations of P. operculella and

T. solanivora. The objective was to test the hypothesis that

local viruses adapt to local host populations as well as to a

new invasive species. To that aim, four laboratory colonies

of P. operculella and three of T. solanivora were set up. To

make the results comparable between locations, we applied

a biological test that we have previously standardized

(Carrera et al., 2008). Aside from the phenotypic compari-

son, we analyzed viral genomes using restriction fragment

length polymorphism (RFLP) to determine whether

variation was randomly spread throughout the genome or

concentrated in particular regions. Identifying such vari-

able regions could be useful both for faster characteriza-

tion of new PhopGV isolates and for looking whether

sequence variations in determined regions could be related

to differences in virus phenotypes. According to this pro-

cess, we then compared the sequence of the variable

regions in two virus isolates showing clear differences in

pathogenicity (LC50), one isolate (1346) originating from

P. operculella and the other (JLZ9f) fromT. solanivora.

Materials and methods

Insect colonies

Colonies of P. operculella and T. solanivora were estab-

lished from larva-infested potato tubers from Cartago,

Costa Rica (named Pop-CR and Tsol-CR, respectively),

San Gabriel del Carchi, Ecuador (Tsol-EC), Villapinz�on,

Colombia (Tsol-CO), and Beni Sueif, Egypt (Pop-EG).

Rearing protocols were similar to those reported by

G�omez-Bonilla et al. (2011) and Espinel-Correal et al.

(2012). The insect populations were reared on potato

tubers under controlled conditions of 27 � 2 °C,
60 � 10% r.h., and L16:D8 photoperiod.

Virus (PhopGV) isolation and purification

The Tunisian isolate (named 1346) of PhopGV was used

as the reference isolate (GenBank: AF499596.1). In addi-

tion, four other PhopGV isolates were used for bioassays,

namely 1390-2 and 1390-3 (both isolated independently

from Peruvian P. operculella larvae; Vickers et al., 1991),

GV003 (isolated from Colombian T. solanivora larva;

Espinel-Correal et al., 2010), JLZ9f (isolated from Ecuado-

rian T. solanivora larva), and PhopGVCR1 (isolated from

Costa Rica unidentified potato tuber moth (PTM) larva;

G�omez-Bonilla et al., 2011). Viruses were amplified on

their respective host species through potato surface con-

tamination. Tubers were disinfected with sodium hypo-

chloride, rinsed in distilled water, air-dried, and then

contaminated using 100–500 larval equivalents per l

(G�omez-Bonilla et al., 2011). Viral occlusion bodies

(OBs) were purified on continuous 30–70% (wt/vol)

sucrose gradient and quantified as previously described,

using the following formula: 6.8 9 108 9 OD450 9 dilu-

tion = number of granules ml�1 (Zeddam et al., 2003;

Carpio et al., 2012). Purified virus aliquots were stored at

�20 °C until use.

Biological assays of virus isolates

Free export or import of some virus isolates was impossible

due to local regulations. The same restrictions applied to

insect–host populations. Accordingly, the only way to pro-



tive LC50 ratios between virus isolates. Ratios with 95%

confidence intervals which include 1.0 indicate no signifi-

cant difference between them (Robertson&Preisler, 1992).

Molecular characterization of PhopGV isolates

Each virus isolate was amplified on its original host and

OBs purified as previously described (Espinel-Correal

et al., 2010). An aliquot of each isolate was used for molec-

ular characterization. Viral OBs were dissolved in 0.1 M

Na2CO3 (pH 11). Viral genomes (DNA) were extracted

from OB-released virions using Wizard Genomic DNA

Purification kits (Promega, Madison, WI, USA). DNAwas

digested by BamHI, SmaI,HindIII,NsiI,NruI,NdeI,HpaI,

DraIII, MluI, BstEII, and BstApI restriction enzymes fol-

lowing manufacturer’s recommendations and then elec-

trophoresed on 1% (wt/vol) agarose gel (TAE buffer)

along with a molecular weight marker to determine band

sizes. Regions exhibiting insertion/deletion features com-

pared to reference isolate 1346 were amplified by PCR

using Promega PCRMaster Mix. Cycling parameters were

94 °C denaturation (3 min), 35 cycles of 94 °C (45 s),

55 °C (45 s), 72 °C (1 min), followed by a final 72 °C
extension (10 min). Primers used were: POGV46F: 5′–AA
CCCTGAGGATCGCGAAACTAACGAAG–3′ (nt 40500–
40527 of the reference isolate 1346); POGV46R: 5′–GTTT
CATCGTATGCGCGTCTTTTGGTTC–3′ (nt 41632–410
605); POGV84F: 5′–ATGTAGACGCGTCGTTAACCTGG
GTGTA–3′ (nt 72075–72102); POGV84R: 5′–ATGAACT
GTTAAACGGCTTGAGTGAGCG–3′ (nt 72882–728055);
POGV129F: 5′–GCGATGATGAGAATGGGAATGTGAA
GAC–3′ (nt 116465–116692); and POGV129R: 5′–TGCC
TGCTGTGCTCGACAACAATAGACC–3′ (nt 117401–
117374). Amplicons were sequenced in both directions by

the dideoxynucleotide chain termination method (Sanger

et al., 1977) in an ABI 377 DNA sequencer and sequences

were aligned with Clustal X.

Nucleotide sequence data from the PhopGV isolate

JLZ9f partially encompassing ORFs PhopGV046, Phop-

GV083, PhopGV084, and PhopGV129 were deposited in

the GenBank under accession numbers JX101761,

JX170206, andHQ317403.1, respectively.

Results

Response of different geographic Phthorimaea operculella and Tecia
solanivora populations to the same PhopGV isolates

All data sets discussed below appeared to be homogeneous

in the effectivity of the virus against a given host species,

allowing further comparisons.

Response from Phthorimaea operculella populat-

ions. Neonates from two geographically separated

Virus isolate

Host species

P. operculella T. solanivora

CR EG CO CR CO EQ

1346 + + + +
1390.2 + + + +
1390.3 + +
PhopGVCR1 + + +
GV003 + +
JLZ9f + +

CR, Costa Rica; EG, Egypt; CO, Colombia; EQ, Ecuador.

ceed was to follow a standardized biological test and apply 
it in local laboratories. Not all virus/host population combi-

nations could be tested (Table 1). Bioassays were carried 
out on neonate larvae (less than 12 h post-emergence) fol-
lowing a previously published protocol (Espinel-Correal 
et al., 2010). Briefly, a known amount of OBs was evenly 
sprayed onto the tuber skin. Dilutions of purified OBs in 
distilled water were applied homogeneously (1 9 105 to 
1 9 1010) by a pulverization method with a nebulization 
chamber leading to final concentrations of 0.1–104 OBs 
mm�2 on the potato tubers (Carrera et al., 2008). For con-
trols, only distilled water was sprayed. Then, batches of 10–
25 potato tuber moth neonates were deposited on each 
treated tuber (two potato tubers per concentration; larval 
density was kept under one individual per 2 g of tuber). 
Finally, larval mortality was recorded for at least five virus 
doses and a control. At least five independent tests were set 
up. Total numbers of individuals used in bioassays were 
6 975P. operculella (5 875 treated and 1 101 controls) and 
2 620  T. solanivora (2 149 treated and 471 controls). 
Dose-response curves based on probit analysis (Finney, 
1952) were established by a logistic regression and adjusted 
by maximum likelihood using Polo Plus software (LeOra 
Software, 1987). Alternative models (logit and comple-

mentary log–log models) were tested and compared using 
the Akaike information criterion (Akaike, 1980), revealing 
that the probit model best fit the data sets. Extra-binomial 
distribution was also checked revealing no overdispersion 
in the data sets. The software was used to estimate the virus 
concentration killing 50% of the larvae tested (LC50), the 
95% fiducial limits of the LC50, the slope of the concentra-
tion-mortality line, and the standard error of the slope. It 
was also used to compare (at the significance level of 0.05) 
the respective LC50 obtained for different viral isolate/host 
combinations. Polo Plus was also used to calculate the rela-

Table 1 Bio-assays carried out during the study testing six 
Phthorimaea operculella granulovirus (PhopGV) isolates against 
populations of Phthorimaea operculella and Tecia solanivora of 
various geographic origin



populations (Costa Rica and Egypt) were challenged with

three PhopGV isolates from P. operculella in standardized

bioassays (Table 2). Differences existed in the respective

pathogenicity of these isolates, their LC50 varying from 1.6

to 17 OB mm�2. P. operculella populations from Egypt

and Costa Rica responded equally to a same virus isolate

(either 1346, 1390-2, or 1390-3).

In conclusion, bioassays showed a remarkable similarity

of the LC50 calculated for each given viral isolate indepen-

dently of the geographic origin of the host used in the

experiment. This was true for both highly pathogenic

(1390-2) and medium pathogenic (1346 and 1390-3)

isolates.

Response from Tecia solanivora populations. When

neonate larvae of T. solanivora were challenged either with

isolate 1346 or with isolate 1390-2, no significant

difference in pathogenicity was noticed between

T. solanivora populations originating from Costa Rica or

Ecuador (Table 2). It thus appeared that the LC50 of the

isolates tested were constant in T. solanivora whatever

populations were considered. However, in these cases the

slopes were unequal, indicating that the two populations

reacted differently, although this could also be due to the

higher than usual heterogeneity between replicates.

Comparative pathogenicity of viral isolates JLZ9f and 1346 in
Phthorimaea operculella and Tecia solanivora

The pathogenicity of each isolate appeared to be signifi-

cantly different for each host species (Table 3). Two

well-split groups of virus isolates were found, as the

95% confidence intervals of relative potencies did not

include 1; so it was assumed that the LC50 for the two

species were significantly different (Robertson & Preis-

ler, 1992). The first group (1390-2, PhopGVCR1, and

1346) was more pathogenic for P. operculella than for

T. solanovira larvae, the relative potency ranged from

0.14 to 0.28. For GV003 and JLZ9f, the LC50 was lower

(i.e., the isolate exhibited higher pathogenicity) in

T. solanivora than in P. operculella larvae. This resulted

in relative potencies of 3.55 (GV003) and 2.47 (JLZ9f),

which were very different from the results obtained for

the other isolates tested. With the exception of Phop-

GVCR1 (whose original host could have been wrongly

identified), all isolates were more pathogenic to their

original host than to the secondary one.

Genotypic differences between JLZ9f and 1346

Identification of variable zones in PhopGV genome. Purified

genomic DNA of isolates 1346 (reference isolate whose

complete sequence has been published) and JLZ9f,

individually cut by 11 restriction enzymes, exhibited clear

differences in their respective restriction pattern (Figure 1,

Table 4). This was also the case for 1390-2 and 1390-3

(data not shown). Using the published nucleotide

sequence from isolate 1346, it was found that most of the

variation in JLZ9f concentrated within three particular

zones rather than being scattered all over the genome.

These variable zones were located in gene 129 (as

previously reported in Carpio et al., 2012) and open

reading frame (ORF) 46 and in the repeated region ORF 9.

For isolates 1390.2 and 1390.3, only gene 129 (and not

ORFs 46 and 84) differed in size from those of 1346.

Because JLZ9f exhibited more differences than the other

isolates tested when compared to the reference isolate

1346, it was chosen for a deeper characterization.

Table 2 Medium lethal concentrations (LC50) and fit of probit lines of Phthorimaea operculella granulovirus (PhopGV) isolates applied to

neonates of distinct geographic populations of Phthorimaea operculella andTecia solanivora

Host Viral isolate Host origin (name) n LC50

Probit line

95% confidence rangeSlope � SE v2 (d.f.) P

P. operculella 1346 Costa Rica (Pop-CR) 347 17.71 0.459 � 0.082 0.416 (2) >0.1 6.1–43.0
Egypt (Pop-EG) 451 16.02 0.598 � 0.080 0.063 (2) >0.1 7.0–29.2

1390-2 Costa Rica (Pop-CR) 382 2.1 0.505 � 0.050 0.121 (2) >0.1 1.0–3.7
Egypt (Pop-EG) 630 1.6 0.504 � 0.052 0.231 (3) >0.1 0.7–3.0

1390-3 Costa Rica (Pop-CR) 413 16.3 0.394 � 0.038 2.852 (3) >0.1 8.2–29.7
Egypt (Pop-EG) 630 14.41 0.417 � 0.047 0.452 (3) >0.1 7.1–28.7

T. solanivora 1346 Costa Rica (Tsol-CR) 413 46.21 0.492 � 0.055 2.290 (3) >0.1 22.1–90.4
Ecuador (Tsol-EC) 454 46.7 0.820 � 0.069 3.291 (7) >0.1 31.4–71.7

1390-2 Costa Rica (Tsol-CR) 245 12.6 0.542 � 0.052 9.667 (3) <0.05 1.5–44.3
Ecuador (Tsol-EC) 167 13.0 0.887 � 0.074 4.29 (1) <0.05 1.0–30.0

n, number of larvae assayed. The value of LC50 is expressed in number of virus occlusion bodies mm�2. Using Polo Plus software (LeOra

Software, 1987) 95% confidence ranges were determined.

Recalculated values using raw data from 1G�omez-Bonilla et al. (2011) and 2Carrera et al. (2008).



Sequences of variable zones between JLZ9f and 1346. PCR

amplifications of the JLZ9f genome, the most variable of

the three isolates, were carried out using primers

encompassing zones where variability was detected by

RFLP. Sequences of amplicons were compared to those of

isolate 1346. Within ORF 46 (located from nt 39303 to

41735 in 1346), the 30-nucleotide sequence GAATCAA

CAAATCAGTCTATAGCTCAATCA starting at nt 41525

is repeated three times in a row in 1346 and only twice in

JLZ9f (the three pentamers AATCA found in this sequence

are underlined). The resulting predicted protein is thus 10

amino acids shorter than the one in 1346. The two

deduced proteins align perfectly except at the level of

the gap.

At the end of repeat 9 (from nt 72699 to 72829), JLZ9f

has a 91 nt extra sequence compared to 1346:

AAATACAAAACTTGAAACAATTATTAAACTTGAAAC

AATTATTCGTTTATTTTAAAAATACAAAACTTAAAC

AATTATTCGTTTATTTTAA.

Repeated motifs of this latter sequence are two 13-mers

AAATACAAAACTT (underlined), two 11-mers AAACAA

TTATT (bold), and two 12-mers CGTTTATTTTAA

(italic). The putative protein encoded by the flanking ORF

84, which marginally overlaps with repeat 9, is not affected

by the extra sequence present in JLZ9f.

Finally, within gene 129 (on the complementary strand

from nt 116818 to 118122), an additional 86 nt sequence

was found in JLZ9f, starting at nt 116861, but this

sequence is missing in 1346 (Carpio et al., 2012):

GTGTTTTCATTTTAAATCGCAACACCCGGTTTGTGT

ACCAAATTGCGCGACGATAACTCTTCATTGGCAAA

TCGTTTATCACTTGT. This modification in the

Table 3 Comparison of the medium lethal concentrations (LC50), expressed as number of virus occlusion bodies mm�2, of Phthorimaea

operculella granulovirus (PhopGV) isolates applied to neonates of Phthorimaea operculella (Pop) and Tecia solanivora (Tsol)

Viral isolate (original host species) Host population name LC50 Relative potency (Pop/Tsol) 95% confidence interval (Pop/Tsol)

1346 (Pop) Pop-EG 16.01 0.28 0.095–0.845
Tsol-CR 46.22

1390-2 (Pop) Pop-EG 1.6 0.14 0.045–0.422
Tsol-CR 12.6

GV003 (Tsol) Pop-CO 24.73 3.55 1.868–6.728
Tsol-CO 6.93

PhopGVCR1 (Tsol) Pop-CR 17.72 0.25 0.131–0.478
Tsol-CR 69.12

Pop-EG 16.92 0.24 0.119–0.473
Tsol-CR 69.1

JLZ9f (Tsol) Pop-EG 31.8 2.47 1.139–5.361
Tsol-EC 10.04

Using Polo Plus software (LeOra Software, 1987) 95% confidence intervals of relative potency were determined. Intervals which include 1

indicate no significant difference between virus isolates (Robertson & Preisler, 1992).

Data from 1Carrera et al. (2008); 2G�omez-Bonilla et al. (2011); 3Espinel-Correal et al. (2010); 4Carpio et al. (2012).

Figure 1 Restriction profiles of the genomes of two PhopGV

isolates (JLZ9f and 1346) digested byNruI, and amolecular

weightmarker (M) with bands of 23130, 9416, 6557, 4361, 2322,

and 2027 bp. Molecular weights of bands only present in one of

the PhopGV isolates are indicated on the right side.
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the same efficacy over a large range of host populations.

What could explain the discrepancy between our results

and those obtained by Briese & Mende (1981)? The

authors indicate that a PhopGV-resistance gene was pres-

ent in Australian P. operculella populations; hence, the

variability in susceptibility to PhopGV may be related to

variability in presence of this gene among individuals.

That susceptibility to PhopGV of either P. operculella or

T. solanivora did not differ among geographic populations

of the pest species is of relevance for biological control pur-

poses, allowing the development of standardized Phop-

GV-formulations to be used in all PTM-infected localities.

Our laboratory data require further validation in potato

storages all over PTM distribution areas. Emergence of

resistance due to selection by repeated application of a

given virus isolate cannot be excluded. Previous works

have established that GV-resistant populations of the cod-

ling moth, C. pomonella, emerged following repetitive

treatments using CpGV (Fritsch et al., 2005; Sauphanor

et al., 2006). Resistance development in the case of Phop-

GV, especially considering that a PhopGV-resistance gene

was identified in P. operculella (Briese & Mende, 1981), is

a possibility. CpGV resistance of C. pomonella was broken

by the use of other isolates (Eberle et al., 2008; Berling

et al., 2009).Many PhopGV isolates are presently available

(Vickers et al., 1991; Espinel-Correal et al., 2010; Moura

Mascarin et al., 2010; G�omez-Bonilla et al., 2011; Carpio

et al., 2012) and could represent a valuable resource for

preventing resistance. It is thus important to compare

their respective pathogenicity as well as to establish their

genetic characteristics.

The relative potency of PhopGV toward P. operculella

and T. solanivora larvae depended greatly on the isolates

considered. One isolate (1390-2) exhibited a more than

seven-fold higher LC50 in P. operculella than in T. solani-

vora, another (1346) only showed a three-fold increase,

and two other isolates (GV003 and JLZ9f) were much

more pathogenic to T. solanivora than to P. operculella. As

these two isolates were originally collected from T. solani-

vora larvae found dead in the wild, a possible explanation

for the difference in pathogenicity could be a better adap-

tation of the virus to its original host, as previously sug-

gested (Espinel-Correal et al., 2010). However, this should

be verified by testing more isolates. Because of the absence

of a suitable artificial diet for the hosts, our bioassays relied

on a medical compressor/nebulizer-based device which

was standardized to evenly deposit known amounts of the

virus onto the tuber skin (Carrera et al., 2008), allowing

the comparison of results from different laboratories. This

protocol differs from the one used by other authors

(Kroschel et al., 1996; Sporleder et al., 2004, 2005, 2007;

Sporleder & Kroschel, 2008; Moura Mascarin et al., 2010)

sequence likely results in a change in the size of the trans-
lated protein due to the presence of an alternative stop 
codon. Sequence comparison indicated that the two vari-
ants of ORFs 84 and 129 present in JLZ9f give rise to larger 
proteins than in the case of 1346.

Discussion

As a recognized biocontrol agent, PhopGV was the object 
of numerous studies dealing with its structure and histo-
pathology (Lacey et al., 2011), genomic characteristics 
(Vickers et al., 1991; L�ery et al., 1998; Zeddam et al., 
1999; Taha et al., 2000), and efficiency to limit host popu-
lations (Reed, 1971; Raman, 1994; Kroschel et al., 1996; 
Sporleder & Kroschel, 2008; Moura Mascarin et al., 2010). 
PhopGV-based biopesticides are used in different coun-
tries, mainly to control P. operculella larvae in potato stor-
age. Recent studies carried out in Colombia, Ecuador, and 
Costa Rica have shown that PhopGV is also effective in 
controlling T. solanivora larvae (Espinel-Correal et al., 
2010; G�omez-Bonilla et al., 2011). PhopGV is also patho-
genic to the South American tomato leaf miner, Tuta abso-
luta (Meyrick) (Angeles & Alc�azar, 1995; Moura Mascarin 
et al., 2010; Carpio et al., 2012), which causes considerable 
damage to field- and greenhouse-grown tomatoes in vari-
ous countries, including some recently invaded areas 
(Spain, Morocco, and Turkey) (Desneux et al., 2010). 
However, to our knowledge, the only study dealing with 
the comparative susceptibility of geographic populations 
of one of these hosts to PhopGV dates back to the 1980’s 
(Briese & Mende, 1981).
The data presented in this article show that P. operculella 

populations from Costa Rica and Egypt did not differ sig-
nificantly in their response to the PhopGV isolates tested. 
The same was found for T. solanivora populations from 
Costa Rica and Ecuador. These results were unexpected 
because of the large geographic distance separating the 
insect populations considered. They contrast with those of 
Briese & Mende (1981), who reported a more than 11-fold 
difference in susceptibility to a given PhopGV isolate 
among 16 Australian P. operculella populations, but they 
are in accordance with those from Asser-Kaiser et al.
(2007), who found similar LC50’s for susceptible Cydia po-
monella (L.) populations when challenged with a Mexican 
isolate of Cydia pomonella granulovirus (CpGV-M). 
CpGV-M-resistant populations exhibited at least 1000-
fold higher LC50’s. Our results suggest that with the 
PhopGV isolates we tested, little variation in pathogenicity 
is to be expected when applied to populations of P. oper-
culella or T. solanivora. More work involving other PTM 
populations and virus isolates is needed to confirm 
whether a single bioinsecticide formulation would exhibit



who contaminated tubers by submersion in virus solutions

containing a known number of homogenized PhopGV-

infected larvae. In the latter case, amounts of OBs retained

at the potato surface were not quantified. Thus, it was not

pertinent to compare the respective pathogenicity of virus

isolates on the basis of LC50 values obtained using these

different protocols.

With a genome of about 120 kbp (GenBank accession

number AF499596.1), complete genome sequencing and

analysis of PhopGV isolates would be both costly and time

consuming. For this reason, identifying regions of higher

variability within the genome of PhopGV could provide a

fast and cost-effective way for characterizing the virus iso-

lates. Preliminary assays indicated that three regions of the

genome contained most of the variation in RFLP profiles

of 11 isolates (data not shown). Those regions encompass

part of ORF 46 (encoding for a hypothetical protein of

unknown function), repeat 9, and gene 129 (encoding for

the enzyme ecdysteroid UDP-glucosyltransferase; O’Reilly

& Miller, 1989). Until now, only ORF 84 (G�omez-Bonilla

et al., 2011) and gene 129 (Espinel-Correal et al., 2010;

Carpio et al., 2012) were identified as variable in some

PhopGV isolates, but ORF 46 or repeat 9 were

not. Although the 3′ end of ORF 84 slightly overlaps with

the 5′ end of repeat 9, the sequence variation we found

does not modify the predicted ORF 84 product, which

would then be the same for JLZ9f and 1346. A deeper anal-

ysis of the sequences published by G�omez-Bonilla et al.

(2011) showed a similar pattern for their isolate PhopGV-

CR1. Increasing the number of PhopGV isolates tested

may lead to the identification of new variable regions,

allowing a more precise discrimination between isolates.

However, the three regions described here provide a useful

tool for genotyping available PhopGV isolates at reason-

able cost. Focusing on the screening of the virus variation

in these regions allowed discrimination between isolates

by sequencing a few PCR products of limited size. The

method is simple, fast, and cost effective andmight be used

to monitor virus isolates used in biocontrol programs.

From a practical point of view, results obtained here pro-

vide an interesting background for future studies dealing

with the development of PhopGV-based biopesticides for

the control of lepidopteran (gelechiid) pests.
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