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Resumen

Myzus persicae es considerado la tercera plaga de 
importancia económica de varios cultivos en Chile. 
Su variabilidad genética es influenciada por la dis-
ponibilidad del hospedante primario. Este insecto 
ha adquirido resistencia a la mayoría de los insecti-
cidas utilizados para su control. El presente trabajo 
tuvo como objetivo evaluar la diversidad genética 
y la presencia de mecanismos de resistencia de M. 
persicae en cultivos como duraznero y pimentón. El 
estudio se realizó en doce localidades: seis en la región 
de O'Higgins y seis en la región del Maule en Chile 
central. Para evaluar la diversidad genética neutral, 
se utilizaron siete marcadores microsatélites, y la 
identificación de mecanismos se realizó mediante 
ensayos de discriminación alélica. La mayor diversidad 

genética se presentó en poblaciones del duraznero 
> 0,80 en promedio. En pimentón y arvenses, esta 
diversidad fue 0,36 en promedio. La frecuencia de 
individuos con mecanismos de resistencia fue baja 
y en forma predominantemente heterocigota en los 
hospedantes evaluados, lo que sugiere que la for-
ma de reproducción sexual del áfido influye en los 
niveles de resistencia a insecticida. La presencia de 
mecanismos de resistencia en M. persicae depende 
del hospedante, región geográfica y momento de 
muestreo en el que son evaluados. Existe suficiente 
evidencia de que las poblaciones de M. persicae 
están compuestas por muy pocos grupos genéticos, 
presentando diferentes dinámicas de resistencia a 
insecticidas en la misma temporada agrícola. 

Palabras clave: Brassicaceae, insecticidas, plagas de plantas, Prunus persica, resistencia 

Abstract

Myzus persicae is considered the third pest of 
economic importance in Chile affecting several 
crops. Its genetic variability is influenced by the 
availability of the primary host. M. persicae has 
acquired resistance to most of the insecticides used 
for its control. The current work aimed to evaluate 
the genetic diversity and the presence of resistance 
mechanisms of M. persicae in crops, such as peach 
and sweet pepper. The study was carried out in twelve 
localities, six in the O'Higgins region and six in the 
Maule region of central Chile. Monthly collections 
were performed on the crops and their associated 
weeds. To evaluate the neutral genetic diversity, 
seven microsatellite markers were used, and the 
identification of mechanisms was performed by 
allelic discrimination tests. According to the results, 

the highest genetic diversity (> 0.80 on average) 
was found in peach populations. In sweet pepper 
and associated weeds, this diversity was 0.36 on 
average. The frequency of individuals with resistance 
mechanisms was low and predominantly heterozy-
gous in the hosts assessed, suggesting that the sexual 
reproduction form of the aphid influences the levels 
of resistance to the insecticide. The presence of 
resistance mechanisms in M. persicae depends on 
the host, the geographical region, and the time in 
which they are evaluated. There is sufficient evidence 
that the populations of M. persicae are comprised 
of extremely few genetic groups, presenting different 
resistance dynamics to insecticides in the same 
agricultural season.

Keywords: Brassicaceae, insecticides, plant pests, Prunus persica, resistance
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Introduction 

Aphids are agricultural pests found worldwide, 
causing economic damage to many crops —directly— 
by their feeding activity and —indirectly— by 
the transmission of viruses to plants (Blackman & 
Eastop, 2000). Myzus persicae (Sulzer) (Hemiptera: 
Aphididae) is an extremely polyphagous aphid 
being able to develop in more than 400 plant species 
(Blackman & Eastop, 2000). This insect reproduces 
by cyclic parthenogenesis, which alternates several 
generations produced by asexual reproduction that 
occurs on a vast diversity of secondary host plants 
during spring and summer (Blackman & Eastop, 
2007). The green aphid of peach, as it is commonly 
known, has an annual life cycle, which has a sexual 
generation in Prunus persica (L.) Batsch (Rosaceae), 
its primary host, in which sexual hibernation 
eggs are produced in autumn, alternating with 
many asexual generations (females only) during 
spring-summer in several herbaceous plants (secondary 
hosts) (Charaabi et al., 2008).

Rouger, Reichel, Malrieu, Masson and Stoeckel 
(2016) pointed out that the genetic diversity of 
the population in species with complex life cycles is 
difficult to anticipate; the model developed by 
these authors demonstrated that cyclic parthenoge-
nesis has specific effects on neutral genetic diversity 
and are different from other reproductive modes 
(i.e., complete sexuality, complete cloning). In 
this sense, and as supported by various studies, the 
populations of M. persicae that reproduce by cyclic 
parthenogenesis show greater genetic variability 
than the populations with obligate parthenogenesis 
and alternation between the primary and secondary 
host (Blackman, Malarky, Margaritopoulos, & 
Tsitsipis, 2007).

The geographical distance between two sampling 
sites does not influence the genetic variability, but 
it can be decisive in the genetic differences between 
the populations analyzed. It has been observed 
that populations of M. persicae have higher genetic 
differentiation in sites separated by 120 km or more 
(Fenton, Malloch, Navajas, Hillier, & Birch, 2003; 
Guillemaud, Mieuzet, & Simon, 2003; Vorburger, 
Lancaster, & Sunnucks, 2003; Wilson, Sunnucks, 
Blackman, & Hales, 2002; Zamoum et al., 2005). 

However, the genetic variability of a population 
of M. persicae can be influenced by other factors, 
such as the gene flow between populations from 
one locality to another, which in turn can depend 
on the environmental conditions of these localities 
(Vorbuguer et al., 2003); the presence of specialized 
individuals on a host, and the alternation between 
the primary and the secondary hosts (Blackman et 
al., 2007, Kasprowicz, Malloch, Pickup, & Fenton, 
2008, Margaritopoulos, Malarky, Tsitsipis, & 
Blackman, 2007). However, several studies indicate 
that the availability of P. persica as the primary host 
influences the genetic variability of M. persicae 
(Fenton, Kasprowicz, Malloch, & Pickup, 2010; 
Guillemaud et al., 2003; Margaritopoulos, Malarky, 
et al., 2007; Wilson et al., 2002; Zamoum et al., 
2005) compared to the geographical distance that 
may exist between two or more study locations 
(Sánchez, Spina, Guirao, & Cánovas, 2013).

The primary method for the control of aphid 
populations worldwide is the use of chemical insec-
ticides (Dewar, 2007). However, resistance to 
different chemical products has already been reported 
in several countries (Devonshire et al., 1998; Fenton, 
Margaritopoulos, Malloch, & Foster, 2010; Voudouris 
et al., 2016). For the control of M. persicae in Chilean 
agriculture, products of the carbamate, organophos-
phate, pyrethroid, and neonicotinoid groups are 
used (Servicio Agrícola y Ganadero, 2012). Studies 
in Chile on resistance to insecticides in M. persicae 
have been carried out with genotypes collected 
sporadically in wide geographical ranges (Castañeda 
et al., 2011; Fuentes-Contreras et al., 2013), but 
without considering variables such as plant host, 
different localities and geographic regions, or 
the interactions between these. However, genetic 
variability and the presence of resistance mechanisms 
of M. persicae have been evaluated at a spatial scale 
in orchards considering the primary and secondary 
hosts during an agricultural season (Rubiano-
Rodríguez et al., 2014). In this sense, and up to 
date, there are no studies that allow us to relate 
the neutral genetic variability and the frequency 
of resistance mechanisms on a regional scale, consi-
dering different hosts (primary and secondary) and 
different locations.
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Accordingly, this study aims at evaluating the neu-
tral genetic diversity and the presence of mutations 
in the sodium channel (kdr and super kdr) and 
acetylcholinesterase (MACE) that confer resistance 
to insecticides in M. persicae, from peach orchards 
(primary host), sweet pepper Capsicum annuum 
var. grossum (L.) Sendtn.  fields and some associated 
weeds (secondary hosts) in 12 locations in central 
Chile: six in the O'Higgins region and six in the 
Maule region.

Materials and methods 

Study site and sampling  

The work was carried out in the regions of 
O'Higgins (VI) and Maule (VII) in central Chile; 
six orchards were selected in each region, three 
for peach trees and three for sweet pepper, under 
a conventional pest management system (regular 
application of insecticides). The closest distance of 
the orchards between regions was found between 
Comalle, in the Maule region, and Nancagua, in 
the O'Higgins region, approximately 21 km apart. 
The orchards of Majadilla, in the Maule region, 
and Qta-Tilcoco II, in the O'Higgins region, were 
the most distanced, i.e., 90 km apart (figure 1). At 
each site, random samples were taken in 20 points; 
at each point, five apterous or winged individuals 
of the green aphid of peach were collected in three 
sampling moments: spring (I), summer-autumn 
(II) and winter (III), during the agricultural seasons 
2010 and 2011 (table 1). Besides, the same number 
of individuals was collected in Brassica rapa L. 
(Brassicaceae ), associated in each of the orchards. 
The samples were preserved in 90 % alcohol, and 
the individuals were identified using the key of 
Blackman and Eastop (2007).

Genotyping 

The genotyping analysis was carried out in the 
laboratory of Instituto de Ecología y Evolución 
of Universidad Austral de Chile. In total, 1,010 
individuals were genotyped using the microsatellite 
marker technique. Seven microsatellite loci were 
used (Myz2, Myz3, Myz9, Myz25, M35, M37, and 
M40), which have been described and are widely 
used for population genetic studies of M. persicae 
(Fuentes-Contreras, Figueroa, Reyes, Briones, & 
Niemeyer, 2004; Kasprowicz et al., 2008; Malloch 
et al., 2006; Margaritopoulos, Malarky et al., 2007; 
Vorburger, 2006; Wilson et al., 2002). Genomic 
DNA (gDNA) was obtained from each individual 
by the salting out method (Sunnucks & Hales, 
1996). The gDNA extracted was quantified by 
spectrophotometry (Nanodrop ND-1000) and its 
quality was evaluated through electrophoresis in 
0.8% agarose gels, stained with ethidium bromide, 
with which the intensity of the bands could be 
observed under ultraviolet (UV) light. When the 
quality of the gDNA was poor, individuals from 
the same sample that had been stored were taken, 
and new gDNA was extracted from these.

Genotyping of individuals was performed using the 
fluorophore labeling technique (Schuelke, 2000), 
and the determination of allelic sizes was developed 
by analyzing fragments in an automatic sequencer 
in Macrogen Inc. (Korea). To establish the width 
of the bands, the data were analyzed using electro-
pherograms and employing the Genemarker V.1.3 
program (Borodovsky & McIninch, 1993). Sub-
sequently, the presence of null alleles or genotyping 
errors was assessed with the Micro-Checker software 
V.2.2.3 (Van Oosterhout, Hutchinson, Oills, & 
Shipley et al., 2004). 
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Table 1. Location of the study sites, number of individuals of M. persicae per host and sampling moment in the 
regions of O'Higgins (VI) and Maule (VII), during the 2010-2011 agricultural season

1 Sampling moments: spring (I), summer-autumn (II), and winter (III).
Source: Elaborated by the authors

Region Study site Coordinates Host plant
Number of individuals

i ii iii Total

VI

Qta-Tilcoco I 34°21'14" S 
y 70°53'58" W

P. persica 25 24 0 49

B. rapa 24 0 27 51

Qta-Tilcoco II 34°20'43" S 
y 70°54'34" W

P. persica 20 24 0 44

B. rapa 20 8 17 45

Nancagua 34°39'05" S 
y 71°15'32" W

P. persica 29 9 0 38

B. rapa 30 0 31 61

Rengo 34°24'34" S 
y 70°52'35" W

C. annuum 8 15 0 23

B. rapa 16 21 27 64

Malloa I 34°28'11" S 
y 70°57'08" W

C. annuum 23 13 0 36

B. rapa 17 21 26 64

Malloa II 34°28'09" S 
y 70°56'56" W

C. annuum 0 16 0 16

B. rapa 0 15 27 42

VII

Los Alisos 34°54'59" S 
y 71°15'24" W

P. persica 19 38 0 57

B. rapa 23 10 22 55

Majadilla 35°01'00" S 
y 71°28'38" W

P. persica 33 29 0 62

B. rapa 35 26 25 86

Vista Hermosa 34°55'24" S 
y 71°10'39" W

P. persica 27 23 0 50

B. rapa 24 18 26 68

Comalle 34°50'19" S 
y 71°17'56" W

C. annuum 12 21 0 33

B. rapa 19 10 22 51

Isla Marchant 34°56'40" S 
y 71°16'04" W

C. annuum 21 18 0 39

B. rapa 20 11 15 46

Vista Hermosa 34°55'23" S 
y 71°10'32" W

C. annuum 19 21 0 40

B. rapa 20 12 21 53

Total 1.173
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Detection of resistance mutations  

The identification of mutations was performed 
using the PCR technology in real sampling moment 
(qRT-PCR) by ABI TaqMan allelic discrimination 
trials. The mutations kdr and super kdr were 
identified by the method described by Anstead, 
Williamson, Eleftherianos, and Denholm (2004), 
while the identification of the MACE mutation was 
performed according to the protocol described by 
Anstead, Williamson and Denholm (2008). Both 
methods use the 5'-exonuclease activity of the Taq 
polymerase to quantify specific sequences in a 
sample. For each mutation, two different probes 
(with and without mutation), marked with a fluo-
rophore at the 5'' end (FAM or HEX) were used, as 

well as a damper (quencher) in the 3' end. Hydrolysis 
of the probe separates the fluorophore from it, 
when, by being separated from the quencher, emits 
a characteristic fluorescence, representing the sequence 
present in the DNA to which it was aligned (cDNA).

The PCR reaction was developed in a total volume 
of 11.9 μL per individual comprised by 6.25 μL 
of TaqMan® Universal PCR Master Mix (Applied 
Biosystems), 1.5 μL of primer F, 1.5 μL of primer 
R, 0.5 μL of probe S (susceptibility condition), 0.5 
μL of probe R (resistance mutation), 0.5 μL of DNA 
(25 μg/μL), and 1.75 μL of ultrapure H2O. Both 
for the kdr as well as for the super kdr mutations, 
the susceptibility probes were labeled with the FAM 
fluorophore, which has an excitation wavelength 

N

Figure 1. Location of the orchards where the collections were made. Peach orchards in region VI: (    ) Quinta de 
Tilcoco I, (    ) and Quinta de Tilcoco II; and in region VII: (    ) Nancagua, (    ) Los Alisos, (    ) Vista Hermosa, and 
(    ) Majadillas. Sweet pepper orchards in region VI: (    ) Rengo, (      ) Malloa I, (    ) Malloa II; and in region VII: 
(    ) Comalle, (    ) Isla Machant, and (    ) Vista Hermosa.
Source: Adapted and modified from Google Maps
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1Available in http://taylor0.biology.ucla.edu/structureHarvester/

of 492 nm and an emission wavelength of 517 nm, 
and this is the reason why it is considered a green 
emitter. Meanwhile, those of resistance were marked 
with the HEX fluorophore, which has an excitation 
wavelength of 535 nm and an emission wavelength 
of 556 nm, so it is considered a yellow emitter. In 
contrast, for the MACE mutation, the susceptibility 
probe was labeled with the HEX fluorophore and 
the resistance probe with the FAM fluorophore. 
The PCR reactions were carried out in a Stratagene 
Mx 3000 P thermal cycler, using a thermal profile 
consisting of an initial stage of 2 min at 50 °C, 16 
min-40 s at 95 °C, followed by 40 cycles consisting 
of 15 s at 92 °C and 1 min at 60 °C; finally, 15 s at 
72 °C, measuring the fluorescence of each reaction 
in this last stage.

Data analysis  

All collected individuals were analyzed as multilocus 
genotypes (MLGs), that is, genotypes that amplified 
the seven loci used in the genotyping. Genetic 
diversity was calculated using coarse genetic diver-
sity (DGG) based on the n/N proportion, where n 
represents the total number of MLGs and N, the 
total number of individuals analyzed in the samples. 
The analyses were performed using only one copy 
of each MLG for all the variables assessed (locality, 
period and host) because clonal "amplification" 
is not the same in all genotypes and can lead to devia-
tions from the Hardy-Weinberg equilibrium (HWE) 
within the samples, thus, distorting the allele fre-
quency estimates (Sunnucks, De Barro, Lushai, 
Maclean, & Hales, 1997). For example, when the 
analysis was done for the locality variable, one copy 
per locality was left of the same MLG, and so on, 
with all the variables. The allelic frequencies, the 
proportion of null alleles, the observed (Ho) and 

the expected (He) heterozygosity, the deviations 
from the Hardy-Weinberg equilibrium (HWE) and 
the linkage disequilibrium (Fis) between the data 
set, were analyzed with Fisher's exact test, imple-
mented in Genepop V.3.2A (Raymond & Rousset, 
1995). Allelic richness (Rs = number of alleles 
regardless of the sample size) was calculated using 
the FStat program V.2.9.3.2 (Goudet, 1995). 
Moreover, a molecular analysis of variance (Amova) 
was performed, using the Arlequin V.2.0 program 
(Schneider, Roessli, & Excoffier, 2000).

The genetic structure of the data set was generated 
using a Bayesian cluster analysis employing the 
program Structure V.2.3.2 (Pritchard, Stephens, 
& Donnelly, 2000). The number of populations 
(k) used was in a range of 1 to 10, with 10 runs for 
each k, 100.000 burn in and 106 iterations in the 
Markov Monte Carlo chain. The number of genetic 
groups was established based on the criterion of 
ΔK of Evanno, Regnaut and Goudet (2005), using 
Structure Harvester.1 

To identify if there were genetic groups that were 
shared between the different variables, four separate 
analyzes were made per i) region, ii) sampling 
moments, iii) host/region, and iv) host/sampling 
moment. Individuals were assigned to each group 
when their probability of belonging was > 0.8. The 
difference in the frequency of insecticide resistance 
mutations (kdr, super kdr, and MACE) between 
MLGs (using both single and multiple copies) from 
different regions, hosts and moment of sampling, 
was evaluated through the use of contingency tables 
and the chi-square test (χ2). Multiple comparisons 
between MLG frequencies were performed by 
the Marascuilo test using the statistical program 
XLStat-Pro 7.5 (Addinsoft, New York, U. S. A.).
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Results and discussion   

Distribution of genotypes and genetic diversity   

From the total of analyzed individuals, 368 multilocus 
genotypes (MLGs) were found. At the spatial level, 
the gross genetic diversity (DGG) was statistically 
higher in the O'Higgins region (0.43) compared 
to the Maule region (0.32) (table 2). These results 
are consistent with those reported by Rubiano-
Rodríguez et al. (2014), who evaluated the genetic 
diversity at the orchard level in the same collection 
regions. At the temporary level, the DGG of 
periods I and II (0.43 and 0.50, respectively) was 
higher compared to period III (tables 2-3). The 
DGG of P. persicae was statistically superior in 
its primary host, both spatially and temporally, 
compared to the other two hosts (tables 2-3), 
which can be explained in two ways. First, this 
phenomenon could be related to the holocyclic-
heteroic reproductive cycle of the green aphid of 
peach, in which at the beginning of the spring, 

individuals coming from different origins congre-
gate due to the hatching of founders, the migration 
of some MLGs that spent the winter in secondary 
hosts, and the return of the virginouparous females 
that will give origin to oviparous and unwinged 
females for sexual reproduction (Blackman & Eastop, 
2007). That is why, when sexual reproduction occurs, 
there is a higher genetic flow, resulting in a more 
significant presence of different genotypes on 
peach trees.

A second analysis could be oriented to a lower 
abundance of M. persicae on peach trees compared 
to C. annuum and B. rapa. The data of population 
abundance are not directly comparable between 
a tree (P. persica) and smaller herbaceous plants 
(C. annuum and B. rapa), because on the peach 
tree, it is only possible to find aphid individuals in 
mid-spring and late autumn, while on secondary 
hosts, these can be found throughout their vegeta-
tive cycle. Moreover, in the case of weeds, such as 
B. rapa, these can be found throughout the year.

Table 2. Number of aphids analyzed (N), number of MLGs (n) and the gross genetic diversity index (DGG) of 
Myzus persicae (n/N) in the O'Higgins and Maule regions and on different hosts during the agricultural season 
2010-2011

Different lowercase letters indicate significant differences according to the χ2 test in Marascuilo’s multiple comparisons                     
between all proportions. Different capital letters indicate significant differences according to the χ2 test in Marascuilo’s               
multiple comparisons between the total regional proportions.
Source: Elaborated by the authors

Region Host N n n/N

De O'Higgins
Peach 105 95 0.91ª

Sweet pepper 72 52 0.72ª

Total/Región Yuyo (weed) 251
428

69
184

0.28b
0.43A

Maule
Peach 151 128 0.85a

Sweet peppers 95 32 0.34b

Total/Región Weeds 336
582

62
185

0.19b
0.32B

Total sampling 1,010 369 0.37
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Table 3. Number of aphids analyzed (N), number of MLG (n) and the gross genetic diversity index (DGG) of Myzus 
persicae (n/N) in three sampling moments on different hosts during the 2010-2011 agricultural season

Different lowercase letters indicate significant differences according to the χ2 test in Marascuilo’s multiple comparisons                    
between all proportions. Different capital letters indicate significant differences according to the χ2 test with Marascuilo’s       
multiple comparisons between the total proportions of the sampling moments.
Source: Elaborated by the authors

Sampling 
moments Host N n n/N

I
Peach 132 110 0.83ª

Sweet peppers 81 41 0.51b

Total/sampling time Weeds 231
444

57
192

0.25c
0.43A

II
Peach 124 114 0.92ª

Sweet peppers 86 42 0.49b

Total/sampling time Weeds 162
372

49
187

0.30bc
0.50A

III
Peach - - -

Sweet peppers - - -

Total/sampling time Weeds 194
194

42
42

0.22c
0.22B

Total 1,010 369 0.37

At a spatial level, the O'Higgins region showed the 
highest DGG, which may be related to the fact that 
this region has a greater cultivated area with peach 
trees compared to the Maule region. There are several 
reports that indicate that the highest genetic 
diversity of M. persicae is found in those areas, or 
in areas where the cultivation of its primary host 
predominates; peach is the only plant species where 
this aphid shows sexual reproduction (Fenton, 
Kasprowicz et al., 2010; Guillemaud et al., 2003; 
Margaritopoulos, Malarky et al., 2007; Wilson 
et al., 2002; Zamoum et al., 2005). Of the total 
MLGs found, 71 genotypes were multiple, that 

is, genotypes found more than once in several 
locations and in different sampling moments, of 
which 42 % were present in the two regions. Of 
all the MLGs, 10 were called common, since they 
are the most frequent, they are located in the two 
regions, they are found in all three sampling 
moments, and in the three hosts assessed (table 4). 
These most frequent MLGs did not show the 
resistance mechanisms evaluated, except for MLGs 
G039 and G239 that were resistant heterozygotes 
(RS) for kdr, G272 which was RS for MACE, 
and G119 that was RS for the three mechanisms 
assessed (table 4).
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The number of MLGs found in this study at the 
regional level is somewhat higher than the results of 
the study at the orchard level (Rubiano-Rodríguez 
et al., 2014), which can be attributed to the fact that 
in this study a higher number of orchards (three for 
each crop per region) were assessed. If we compare 
with studies in other countries, the number of 
MLGs found in our study is higher, for example, 
in Spain, studies on sweet pepper, weeds, almonds 
and a few samples of peaches, found 289 (Sánchez 
et al., 2013); in Australia, 72 MLGs were found in 
broccoli (Vorburger, 2006); in New Zealand, in 
potato, 23 were found (Van Toor et al., 2008), and 
in Scotland, on potato and broccoli, 21 were found 
(Kasprowicz et al., 2008). This is also because, in 
most of these studies, the individuals analyzed 

came mainly from secondary hosts, in which genetic 
diversity is generally low.

In studies conducted by Guillemaud et al. (2003) 
in France, with aphids from peach trees, 100 MLGs 
were found, and these results were lower than the 
one reported in this study. This can be because, by 
using suction traps during the collections, indi-
viduals from different hosts can be captured; this 
could also be associated with the size of the sample, 
as it was relatively low compared to the sample size 
of the current study. When samplings or collec-
tions are made in the primary host, we can find 
similar results, as happened in a study conducted in 
Greece and Italy in areas with and without peach 
production, in which the MLG number was similar 
to that of our study, with 482 MLGs (Blackman et 
al., 2007).

Table 4. Detail of the ten most common MLGs found in this study and their respective resistance profile. Number 
of aphids characterized for specific MLGs (N) in the regions of O'Higgins and Maule in three sampling moments 
on different hosts during the 2010-2011 agricultural season

1 Hosts: Peach (D), sweet pepper (P), and weeds (M).
2 Sampling moments: spring (I), summer-autumn (II) and winter (III).
Source: Elaborated by the authors

Genotypes N

Host1

Region Sampling 
moment22

Resistance profile

d p m kdr super 
kdr MACE

G039 11 X X X vi / vii i / ii rs ss ss

G355 11 X X vi / vii i / ii/iii ss ss ss

G277 18 X X vi / vii i / ii/iii ss ss ss

G119 20 X X vi / vii i / ii/iii rs rs rs

G343 20 X X vi / vii i / ii/iii ss ss ss

G321 32 X X X vi / vii i / ii/iii ss ss ss

G272 43 X X X vi / vii i / ii ss ss rs

G239 94 X X X vi / vii i / ii / iii rs ss ss

G011 98 X X vi / vii i / ii / iii ss ss ss

G205 172 X X X vi / vii i / ii / iii ss ss ss
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Table 5. Genetic diversity index by region. Average number of alleles (N), allelic richness (Rs = number of alleles 
independent of the sample size), observed heterozygosity (Ho) and expected heterozygosity (He), Fis value and the 
proportion of pairs that were significant in the linkage disequilibrium test (DL)

* Significant values for p < 0.01.
Source: Elaborated by the authors

Region Host N Rs Ho He Fis DL

O’Higgins

Peach 5.7 4.8 0.5293 0.5310 0.0031* 3/21

Sweet peppers 6.6 6.0 0.5165 0.5794 0.1086* 3/21

Weeds 7.7 6.4 0.5631 0.6083 0.0742* 13/21

Maule

Peach 6.4 5.0 0.5078 0.5344 0.0497* 2/21

Sweet peppers 6.4 6.4 0.5357 0.6051 0.1147* 8/21

Weeds 6.9 6.0 0.5645 0.5929 0.0479* 15/21

The seven microsatellite loci in this study were 
polymorphic, with an average number of alleles 
ranging from 5.7 to 7.7, in the O'Higgins region, 
and from 6.4 to 6.9, in the Maule region. The He 
and Ho were very similar in all the populations of 
the two regions (table 5), which indicates that these 
populations were in HWE. The Fis values were 
significant, but relatively low, which indicated a 
low level of inbreeding among the populations 
(table 5). Although these results tend to be frequent 
in populations with sexual reproduction or with 
cyclic parthenogenesis, it is also possible to observe 
strongly positive Fis values for highly clonal species 

(which occurs in M. persicae during most of its life 
cycle), if the mutation dominates over the genetic 
drift (Rouger et al., 2016). In the case of linkage 
disequilibrium, a few pairs of loci were significant 
in the samples of P. persica and C. annuum in the 
two regions. Something similar happened when 
the variable "sampling moment" was analyzed. In 
the samples from Brassica rapa, there was a greater 
number of pairs of loci with significant linkage 
disequilibrium values (table 5). The presence of the 
HWE and the low levels of endogamy (Fis), as well 
as the low levels of linkage disequilibrium, support 
the theory and importance of sexual reproduction 
in Chile.

Other studies carried out in Chile show that 
populations of M. persicae are in HWE, suspecting 
the presence of sexual reproduction (Fenton, 
Margaritopoulos et al., 2010, Rubiano-Rodríguez 
et al., 2014). Considering what these authors found, 
during this research, it was possible to observe the 
presence of sexual morphs and eggs, which were 
collected and observed in the laboratory, where 
copulation could also be seen and, subsequently, 

the emergence of founders. This confirms the 
positive relationship between the genetic diversity 
of the green aphid of peach and its primary host, 
P. persica. According to Fenton, Margaritopoulos 
et al. (2010), the genetic diversity of the indivi-
duals of M. persicae can be maintained during the 
dispersal to secondary hosts in winter, and their 
return to the primary host in the spring.
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Our results differ with some other studies conducted 
worldwide with M. persicae that report that the 
populations studied are not in HWE, for example, 
in France (Fenton et al., 2003; Guillemaud et al., 
2003), Australia (Wilson et al., 2002) and in Greece 
(Margaritopoulos, Malarky et al., 2007). This could 
be because the populations analyzed in these studies 
were collected on secondary hosts mainly, where 
sexual reproduction does not occur, despite being 
this type of reproduction one of the assumptions 
for a population to be in HWE.

Genetic differentiation between populations  

The results of the Amova between regions showed 
that there is significant genetic differentiation 
(0.28 %) between the two regions evaluated (table 6), 
but there are no significant genetic differences in 
the populations between the localities of the same 
region. However, significant genetic differentiation 
of individuals within localities was found (6.97 %), 
while the highest genetic variation was found within 
individuals (92.67 %). The results of the Amova, 
when the hosts were considered as the main com-
ponent of the analysis (table 6), indicated a low but 
significant percentage of genetic variation among 
hosts (1.37 %). When analyzing the contribution 
of the localities taking into account the same host, 
the percentage of variation in this level was not 
statistically significant. A highly significant percen-
tage of genetic differentiation (6.31 %) was observed 
among individuals within the localities, and the 
greatest genetic variation continues to occur within 
individuals (92.34 %). According to the results 
obtained during the study, the genetic variation 
among populations of M. persicae that occurs in 
Chile is more determined by the plant species 
(host) and not by the place or geographical distance 
that may exist between the collection sites.

The low but significant percentage of genetic variation 
found in this study at the regional level may indicate 

some degree of specialization achieved by some 
genotypes of M. persicae on certain plants. Previous 
studies in Chile reported some degree of specializa-
tion of M. persicae on tobacco (Fuentes-Contreras 
et al., 2004, Margaritopoulos, Skouras et al., 2007). 
Also, in Spain, Sánchez et al. (2013) recorded the 
abundance of an M persicae genotype on Solanum 
physalifolium. 

The FST values in this study indicate that the 
populations that were collected on the weeds in 
the two regions were genetically different to the 
populations collected in the crops (peach and 
sweet pepper), which agrees with what was regis-
tered by Vialatte, Dedryver, Simon, Galman and 
Plantegenest (2005). This indicates that the popu-
lations of the spike aphid, Sitobion avenae Fabricius 
(Hemiptera: Aphididae), collected on non-cultivated 
plants, are generally genetically different from 
those collected on cultivated plants.

In the analysis of genetic differentiation among 
pairs of populations, considering regions and hosts, 
some significant differences were found (table 7). 
This is how the populations collected on peach 
trees in the two regions (D-VI and D-VII) and 
on sweet pepper in the O'Higgins region (P-VI) 
showed a significant genetic differentiation by pairs 
(FST) concerning populations collected on weeds 
(M-VI and M-VII) in the two regions (table 7). 
Besides, the FST among the populations collected 
on peach in the Maule region (D-VII) was also 
significant, compared to the populations collected 
on sweet pepper (P-VI) in the O'Higgins region 
(table 7). The Bayesian analysis of the population’s 
genetic structuring revealed that, when the variables 
sampling moments, host/region and host/sampling 
moments were considered, the best partition of the 
data set was in two genetic groups (K = 2) (figures 
2a, b, c); however, when the data were analyzed 
according to the regions, three genetic groups were 
found (K = 3) (figure 2d).
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Table 6. Analysis of the molecular variance of M. persicae comparing samples between regions and hosts

FCT: coefficient of genetic differentiation between regions; FSC: coefficient of genetic differentiation between populations in 
the regions; FST: coefficient of genetic differentiation between all populations; FIS: degree of inbreeding; FIT: genetic differen-
tiation between subpopulations.
Source: Elaborated by the authors

Source of 
variation d.f. Sum of 

squares
Variance 

components
Percentage of 
variation (%) Fixation index p

Between 
regions 1 5,309 0.00559 0.28 FCT: 0.00278 0.04399 + 0.00523

Between 
locations 

within regions
10 23,020 0.00180 0.09 FSC: 0.00090 0.27370 + 0.01555

Between 
individuals 

within 
localities

523 1,121,763 0.14019 6.97 FIS: 0.06993 0.00000 + 0.00000

Within 
individuals 535 997,500 186,449 92.67 FIT: 0.07335 0.00000 + 0.00000

Total 1.069 2,147,592 201,206

Between 
hosts 2 22,931 0.02763 1.37 FCT: 0.01368 0.00000 + 0.00000

Between 
locations 

within hosts
21 44,129 -0.00041 -0.02 FSC: -0.00021 0.60997 + 0.01631

Between 
individuals 

within 
localities

511 1,083,031 0.12747 6.31 FIS: 0.06399 0.00000 + 0.00000

Within 
individuals 535 997,500 186,449 92.34 FIT: 0.07661 0.00000 + 0.00000

Total 1,069 2,147,592 201,917
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Table 7. Genetic differentiation among pairs (FST) between samples of M. persicae by region and host

1 Peach (D), sweet pepper (P), weeds (M), O'Higgins Region (VI), and Maule Region (VII). The FST values are shown under the 
diagonal. The probability values based on 999 permutations are shown above the diagonal.
Source: Elaborated by the authors

M-VII1 M-VI P-VII P-VI D-VII D-VI

M-VII -- 0.390 0.390 0.020 0.020 0.010

M-VI 0.000 -- 0.220 0.010 0.010 0.010

P-VII 0.000 0.003 -- 0.260 0.090 0.110

P-VI 0.015 0.018 0.004 -- 0.020 0.460

D-VII 0.007 0.014 0.007 0.010 -- 0.050

D-VI 0.016 0.024 0.006 0.000 0.006 --

Figure 2. Genetic groups of M. persicae in central Chile detected using Structure, according to the variables                
sampling moments (a) host/sampling moments (b), host/region (c), and region (d).
Source: Elaborated by the authors

a

b

c

d
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It was not possible to associate all the genetic groups 
identified for the analyzes performed to any of the 
evaluated variables and their possible combinations 
(sampling moments, host/sampling moments, and 
host/region). This could be due to two facts. First, 
to the fact that M. persicae is the aphid species with 
the highest number of reported secondary hosts, 
which plays an essential role as a source of migration 
towards the crops, thus, allowing the insect to move 
from one host to another in search of food and 
better conditions (Margaritopoulos, Tsourapas, 
Tzortzi, Kanavaki, & Tsitsipis, 2005). 

Second, the existence of sexual reproduction in 
aphid populations in Chile contributes to high 
gene flow among populations of M. persicae, both 

in secondary hosts and in regions throughout 
sampling moments (Fenton, Margaritopoulos 
et al., 2010). It seems that there may be more genetic 
groups in populations with low gene flow and less 
in populations with high gene flow (Guillemaud 
et al., 2003; Vialatte et al., 2005; Vorbuger, 2006). 
This is because the gene flow occurs when there 
is sexual reproduction, generation a progeny with 
genetic differentiation; on the contrary, the progeny 
resulting from asexual reproduction is of low flow, 
generating identical clones with the same genetic 
information. Therefore, we could infer that these 
groups of populations found do not have MLGs 
with different biological properties and do not 
provide any apparent biological significance.

Table 8. MLG proportion and its resistance profile in the three mechanisms evaluated in the regions of O'Higgins 
(VI) and Maule (VII) during spring (I), summer-autumn (II), and winter (III) of the agricultural season 2010-2011.

Note: In parentheses the number of MLGs. Different capital letters indicate significant differences according to the χ2 test in 
Marascuilo’s multiple comparisons between regions. Different lowercase letters indicate significant differences according to the 
χ2 test in Marascuilo’s multiple comparisons between sampling moments. 
Source: Elaborated by the authors

Muestra
kdr súper kdr MACE

rr rs ss rr rs ss rr rs ss

VI Region 0.107
(46)A

0.374
(160)A

0.519
(222)A 0 0.079

(24)A
0.921
(394)A

0.026
(119)A

0.262
(112)A

0.713
(305)A

VII Region 0.029
(17)B

0.347
(202)A

0.624
(363)B 0 0.029

(17)B
0.971
(565)B

0.005
(3)B

0.153
(89)B

0.842
(490)B

Sampling 
moment I

0.074
(33)a

0.351
(156)a

0.574
(255)a 0 0.077

(34)a
0.923
(410)a

0.014
(6)a

0.189
(84)a

0.797
(354)a

Sampling 
moment II

0.078
(29)a

0.454
(169)b

0.468
(174)b 0 0.062

(23)a
0.938
(349)a

0.022
(8)a

0.290
(108)b

0.688
(256)b

Sampling 
moment II

0.000
(0)b

0.211
(41)c

0.789
(153)c 0 0.041

(8)a
0.959
(186)a

0.000
(0)b

0.046
(9)c

0.954
(185)c
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Figure 3. MLG frequencies with the three resistance mechanisms evaluated according to the region (a) and sampling 
moments (b) during the 2010-2011 agricultural season. I = Spring-summer, II = Summer-Autumn, and III = Winter.
Source: Elaborated by the authors

Resistance to insecticides 

In the two regions assessed, the three resistance 
mechanisms evaluated (kdr, super kdr, and MACE) 
were found. In the O'Higgins region, the three 
mechanisms had frequencies slightly higher than 
those of the Maule region (table 8), with kdr standing 
out with 10.9 % of homozygotes (RR) and 29.4 % 
of heterozygotes (RS). The super kdr mutation 
only appeared in RS form in 6 % of the total MLGs 
identified and, in the case of MACE, it was 2.2 % 

of RR and 18.5 % of RS (figure 3A). At the spatial 
level, MLGs in the region of O'Higgins tend 
to show a higher frequency of genotypes with 
heterozygous resistance in the three mechanisms 
evaluated, and homozygous resistance in kdr and 
MACE compared to the Maule region (figure 3A, 
table 8). Meanwhile, in spring (I) and summer-
autumn (II), the frequencies of the MLGs and the 
different resistance mechanisms were similar in 
homozygous form (RR) and being statistically 
different to the winter frequencies (III).
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Figure 4. Percentage composition of individuals in different resistance mechanisms between regions (a) and sampling 
moment (b) for different hosts: peach (D), sweet pepper (P), and weeds (A) in the 2010-2011 agricultural season.
Source: Elaborated by the authors

In the case of the heterozygous form (RS), the 
frequencies at the three sampling moments showed 
significant differences in the three mechanisms 
evaluated (figure 3b and table 8). At the host level, 
the populations collected on the crops (peach and 
sweet pepper) were those that showed the highest 
frequency of genotypes with a mechanism of resis-
tance, either heterozygous or homozygous, both 
temporally and spatially. Of these two hosts, the 
peach tree is the one that tends to show genotypes 
more frequently with a resistance mechanism, but 
without being significant (figure 4a and b). The 

presence of the three resistance mechanisms eval-
uated, either homozygous or heterozygous in several 
of the MLGs, could be due to insecticide appli-
cations in the aerial part of the plants, to which 
the plantations are subject for the control of agri-
cultural pests. Hence, in the peach orchards, there 
is higher selection pressure due to the number of 
applications of insecticides (between nine and 12) 
for the control of M. persicae and other pests, in 
comparison to the ones applied in sweet pepper 
cropping that oscillates between four and six.
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The groups of insecticides mostly used in these 
fields and related to these resistance mechanisms 
are pyrethroids, related to kdr and super kdr 
(Eleftherianos, Foster, Williamson & Denholm, 
2008, Martinez-Torres, Foster, Field, Devonshire 
& Williamson, 1999), as well as carbamates, related 
to MACE (Moores, Devine & Devonshire, 1994, 
Nabeshima, Kozaki, Tomita, & Kono, 2003). 
However, applications of neonicotinoid are also 
carried out; according to Bass et al. (2011), resis-
tance to this type of insecticide is associated with 
a mutation in the beta subunit of the nicotinic 
acetylcholine receptor. Although this resistance 
mechanism was not evaluated in this study, it is 
important to consider it in future research.

The three mechanisms studied have been previously 
identified in populations of M. persicae in Chile 
(Castañeda et al., 2011) and in other countries such 
as Greece (Margaritopoulos, Skouras et al., 2007), 
United States (Srigiriraju, Semtner, Anderson & 
Bloomquist, 2010), France (Fontaine et al., 2011), 
and New Zealand (van Toor, Malloch, Anderson, 
Daoson, & Fenton, 2008). The minimal presence 
of MLGs with the super kdr resistance mechanism 
might be because this mechanism only manifests 
itself in some genotypes that exhibit the kdr type 
resistance mechanism (Anstead et al., 2008), which 
was low in this study. The higher presence of RS 
genotypes, mainly in MACE and kdr, may be due to 
the influence of the holocylic form of reproduction 
of the green aphid of peach, in which sexual reproduc-
tion decreases the proportion of resistant homozygotes 
and heterozygotes (Fenton, Kasprowicz et al. al., 2010).

The decrease of genotypes with the presence of 
some resistance mechanism at the end of the 
agricultural season may be related to the costs of the 
resistance. As indicated by Fenton, Margaritopoulos 
et al. (2010), genotypes of M. persicae with the pre-
sence of some resistance mechanisms lower their 
reproductive potential. In addition, there is evidence 
that several insect species with resistance to insecticides 
reduce their survival and reproductive ability, as 
well as being more vulnerable to natural enemies 
(Abbas, Khan & Shad 2015; Castellanos et al., 
2019; Guedes, Smagghe, Stark, & Desneux 2016; 

van Toor et al., 2013). According to the χ2 test, 
the frequency of the three resistance mechanisms 
was dependent on the study region, being more 
associated with the O'Higgins region for kdr (unique 
copies χ2 = 15.9 and df = 2, p < 0.001, and multiple 
copies χ2 = 29.4 and df=2, p < 0.001), super kdr 
(unique copies χ2 = 7.5 and df=1, p < 0.01, and 
multiple copies χ2 = 12.9 and df = 1, p < 0.001), 
and MACE (unique copies χ2 = 9.9 and df = 2, 
p < 0.01, and multiple copies χ2 = 27.4 and df = 2, 
p < 0.001). Regarding the sampling moment, super 
kdr was not dependent on the sampling moment 
in the analysis with unique copies (χ2 = 1.7 and 
df = 2, p = 0.4221), but it was on the sampling 
moment with multiple copies, being associated 
mainly with summer-autumn (II) (χ2 = 13.5 and 
df = 2, p < 0.005), just as in the other two mecha-
nisms, kdr (unique copies, χ2 = 40.8 and df = 4, 
p < 0.001, and multiple copies, χ2 = 55.9 and df = 4. 
p < 0.001) and MACE (unique copies χ2 = 13.2 
and df = 4, p < 0.05, multiple copies χ2 = 56.1 and 
df = 4, p < 0.001).

A set of 13 MLGs was considered important due 
to the combination of resistance mechanisms that 
they showed (table 9). Among these, G119 was 
highlighted, since it was found in the two regions, 
in the three sampling moments and on secondary 
hosts (sweet pepper and B. rapa); moreover, it was 
also found in a heterozygous form (RS) for the 
three resistance mechanisms evaluated. This same 
genotype was highlighted among the 10 most 
common MLGs (table 4). Another genotype that 
is important to highlight for its resistance level is 
G276, which was homozygous resistant (RR) in kdr 
and MACE, although it was collected only on sweet 
pepper in spring. The genotypes G26, G65, G128, 
and G353, were RR, RS, and RS in kdr, super kdr 
and MACE, respectively (table 9).

These results indicate the importance of implemen-
ting management strategies in Chile that avoid the 
increase in the frequency of individuals with some 
type of resistance mechanism, highlighting, among 
others, the rotation of insecticides with different 
modes of action.
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Table 9. Detail of the genotypes with the highest presence of resistance mechanisms found in this study in the          
regions of O'Higgins (VI) and Maule (VII).

1 Hosts: Peach (D), Sweet pepper (P), and weeds (M).
2 Sampling season: spring (I), summer-autumn (II), and winter (III).
Source: Elaborated by the authors

Genotype Host1 Region Sampling 
moment2 Resistance profile3

d p m kdr super 
kdr MACE

G022 x vi ii rs rs rs

G026 x vi i rr rs rs

G037 x vi i rs rs rs

G065 x vi i rr rs rs

G087 x vi i rs rs rs

G101 x vi ii rs rs rs

G111 x vii i rs rs rs

G119 x x vi / vii i / ii / iii rs rs rs

G128 x vii i rr rs rs

G148 x vi ii rs rs rr

G228 x vi i rs rs rs

G276 x vi i rr ss rr

G353 x vi i rr rs rs

Likewise, in the implementation of rational 
integrated pest management (IPM), insecticide 
applications should be regulated according to 
the monitoring, thus, decreasing the number of 
applications. The use of green insecticides and the 
maintenance of host plants that harbor susceptible 
individuals free from the action of insecticides can 

reduce the level of resistance when they migrate 
to the primary host and participate in sexual 
reproduction. Last, but not least, it is convenient to 
increase the beneficial fauna, by conserving natural 
enemies in biological corridors, since aphids with 
mutations that confer resistance become easy prey 
for their natural enemies.
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Conclusions

The neutral genetic diversity of Myzus persicae, as 
recorded in the literature, is still higher in populations 
collected on its primary host, peach (P. persica), 
compared to those collected on other secondary 
hosts (sweet pepper and weeds). This result is closely 
linked to the occurrence of the sexual reproduction 
of the insect on the primary host. Due to the high 
availability of its primary host in the area planted 
in the O'Higgins region, it was in this region where 
the highest genetic diversity was found. This allows 
inferring that several of the genotypes found are 
closely related to their primary host. In central Chile, 
there are genotypes with the three resistance 
mechanisms evaluated, but in a predominantly 
heterozygous manner. The main host of M. persicae, 
the peach tree, hosts the most significant number of 
genotypes with at least one resistance mechanism. 
This is mainly due to the widespread use of chemical 
insecticides for the control of the green aphid of 
peach, which imposes a selection pressure higher 

than the natural one; hence, they are highly asso-
ciated with the resistance mechanisms evaluated.
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