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Population Genetic Structure of Aphis gossypii

(Hemiptera: Aphididae) in Korea, Focusing on its 

Relationship with Fitness and Insecticide Resistance

Entomology program

Department of Agricultural Biotechnology, Seoul National University

Hwa Yeun Nam

ABSTRACT

The cotton-melon aphid, Aphis gossypii (Glover) (Hemiptera: 

Aphididae), is a cosmopolitan and polyphagous pest that damages cultivated 

plants including Cucurbitaceae (melon, marrow, zucchini, water melon), 

Malvaceae (cotton, hibiscus, okra), Solanaceae (pepper, potato, eggplant) 

and Rutaceae (citrus orchards). It causes significant damage to host plants 

by sapping, dripping honeydew, and transmitting viruses. The objectives of 

this study were (1) to investigate the genetic structure and diversity of A. 

gossypii populations in Korea by using microsatellite markers, (2) to 

determine the difference in fitness (temperature-dependent development, 

survivorship, reproduction, and intrinsic rate of natural increase) of the 

two different genetic clusters of A. gossypii in Korea, and (3) to reveal the 
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insecticide resistance status among A. gossypii populations and to verify 

correlation between genetic structure and susceptibility to insecticides of A. 

gossypii in Korea.

Eight microsatellite markers to investigate the genetic structure and 

diversity of A. gossypii populations in Korea. Population genetic structure 

was conducted among 37 locations in Korea (18 populations in 2016, 14 

populations in 2017, and 5 populations in 2018) from pepper plants. A. 

gossypii had low to moderate genetic diversity, and expected heterozygosity 

(HE) ranged from 0.354 to 0.719. Most HE values were lower than the 

average (0.524). Isolation by distance (IBD) suggested no relationship 

between genetic structure and geographic distance among all populations (r2

= 0.0004, p = 0.370), suggesting high gene flow among populations in 

Korea. Bayesian-based clustering analysis indicated two distinct genetic 

clusters (K = 2) with a maximum value of 1251. In 2016 and 2017, the 

genetic clusters changed into opposite genetic structures within one year 

mostly in northwest and southeast parts of Korea. Chemical control, cyclical 

parthenogenesis, and immigrants from the exterior might have resulted in 

this low genetic diversity and opposite genetic clusters.

Experiments were conducted to explore potential difference in 

fitness (temperature-dependent development, survivorship, reproduction, 
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and intrinsic rate of natural increase) between two different genetic clusters 

of A. gossypii. A. gossypii were examined on cucumber Cucumis sativus L. 

(cv. Joeun Baegdadagi) and evaluated at three constant temperatures (14.7, 

25.3, and 34.9 °C), and the data were analyzed by the TWOSEX-MSChart 

program. On the basis of these parameters, the results clearly showed the 

effects of temperature on developmental time, nymphal mortality rate, 

longevity, and fecundity of A. gossypii, but there was no difference between

two different genetic clusters (cluster 1 and 2) of A. gossypii. Interestingly, 

at 14.7 °C cluster 1 showed shorter pre-reproduction period and longer adult 

longevity, reproduction period, and post-reproduction period compare to 

cluster 2, suggesting that high level of cluster 1 population may occur in 

greenhouse at lower temperature. 

A. gossypii has been known to develop resistance to a wide range of 

synthetic chemical insecticides because chemical treatment remains the 

main method of control this species. In this study, imidacloprid 

(neonicotinoid), acephate (organophosphate), and esfenvalerate (pyrethroid), 

which commonly used to control A. gossypii, were used to reveal the 

insecticide resistance status among A. gossypii populations, and to verify the 

correlation between genetic structure and susceptibility to insecticides in 

Korea. In the bioassay, BS_19 and JE_19 populations have resistance to 
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imidacloprid and acephate, HS_19 population have resistance to acephate 

and esfenvalerate, and susceptible lab strain only have resistance to acephate. 

Mutations were surveyed in resistant-related gene, most population were 

heterozygous resistant for R81T (nAChR) and M918L (para), and 

homozygous resistant on S431F (ace-1). Mutation frequency has co-related 

the results of bioassay. Based on the resistance mutation sequence of 

S431F(ace-1), R81T(nAChR), and M918L (para), two group sections

(major group- blue, within variation- purple) were revealed in 

neighbor-joining tree of A. gossypii population in Korea. Diverse nursery 

routes and inflow from outside might show various difference in mutation 

sequence (purple section). Especially JJ17 and JJ18 populations (JeJu is an 

isolated area) were revealed as a related group which have limited nursery 

routes. Phylogenetic tree revealed that there was no relation between genetic 

structure and the group of resistance mutation sequence in A. gossypii

populations in Korea. 

Key words: Aphis gossypii, genetic structure, life table, insecticide, 

resistance
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General introduction

The cotton-melon aphid, Aphis gossypii Glover (Hemiptera: 

Aphididae), is a cosmopolitan, polyphagous species and widely distributed 

in tropical, subtropical and temperature regions (Kersting et al., 1999). A. 

gossypii is the vector of more than 50 plant viruses, and is particularly 

damaging to many agricultural plants, including cotton, melon, potato, chili 

pepper, sweet pepper, and eggplant (Leclant and Deguine 1994, Carletto et 

al., 2009). Feeding on the leaves of host plants causes leaf crumple and 

distortion and heavy infestations which can further result in yield loss.

Excretion of honeydew on leaves may causes yield loss through 

contamination of products and reduction of photosynthesis rates by blocking 

sunlight (Ebert and Cartwright, 1997) . 

A. gossypii exhibits anholocyclic or holocyclic forms of life cycle 

(Hardie, 2007). Anholocyclic A. gossypii overwinters as nymphs or adults, 

while holocyclic A. gossypii shows a heteroecious or autoecious life cycle. 

Heteroecious A. gossypii migrates from buckthorn as its primary host to 

herbaceous plants as its secondary host, where it reproduces asexually to 

produce numerous offspring in the spring. It then returns to the primary host 

in the fall to lay overwintering eggs (Hardie, 2007). On the contrary, 
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autoecious A. gossypii does not require any secondary host. Only holocylic A. 

gossypii was found in several countries including Korea where harsh winter is 

common (Margaritopoulos et al., 2006). In Korea, A. gossypii hatches from 

eggs on its primary host in the beginning of April and reproduces for two to 

three generations before adults (apterous viviparous females) migrate to 

secondary hosts from May to June (Shim et al., 1979; Kim, 2019).

Understanding population genetic structure of A. gossypii could help 

to manage aphid populations by providing more reliable estimates of 

population dynamics and the risk of resistance genes arising (Sun et al., 2012).

However, information regarding the genetic diversity of A. gossypii in Korea 

is currently unavailable. In Korea, A. gossypii is an important insect pest of 

pepper in greenhouses because greenhouses provide sustained warm 

temperature. Since greenhouses are a relatively closed environment, pest 

populations in greenhouses are generally more affected by chemical control 

and host plant changes than populations in fields. These practices may lead to 

reductions in pest population size and selection for resistant genotypes in 

populations, resulting in increased homozygosity within populations and 

differentiation between pest populations (Hoffmann and Willi, 2008). In 

addition, population dynamics may account for genetic variation of pest 

populations in greenhouses. Rochat et al. (1997) revealed that a population of 
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A. gossypii infesting cucurbit in greenhouses experiences extreme 

demographic fluctuations and strong founder effects through a small number 

of winged individuals immigrating from the exterior. Therefore, it is 

important to determine genetic diversity and geneflow of A. gossypii on 

greenhouse peppers in Korea. 

To predict the population growth of a pest and time control strategies 

in pest management, it is important to understand the survival rate and 

fecundity of the target pest under different environmental conditions. A life 

table provides the most complete description of the survivorship, 

development, stage differentiation, and reproduction of a population and 

provides basic data on population growth parameters (Yang and Chi, 2006). 

Life table parameters of insects can be affected by temperature because 

temperature is an important abiotic factor that regulates insect population 

dynamics, developmental rates and seasonal occurrence (McCornack et al., 

2004, Park et al., 2014). Variation in insect biotype and host plant might 

affect variations in the developmental times of insect stages (Fan et al. 1992). 

However, there are no information regarding the fitness in different genetics 

structure of A. gossypii. Therefore, it is significant to determine whether the 

fitness (e.g., survival, developmental rate, fecundity, and intrinsic rate of 
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natural increase etc.) differs between different genetic structures of A. 

gossypii.

Moreover, A. gossypii has been known to develop resistance to a 

wide range of synthetic chemical insecticides because chemical treatment 

remains the main method of control this species. Imidacloprid 

(neonicotinoid) is a contact and systemic insecticide, which is useful for 

controlling piercing-sucking insects such as aphids. Imidacloprid had been 

considered as a safe insecticide due to its high toxicity to insects and low 

mammalian toxicity (Nagata et al., 1999). Pyrethroids work by altering 

nerve function, which causes paralysis in target insect pests, eventually 

resulting in death. Organophosphates work by damaging an enzyme, which 

is acetylcholinesterase, in the body. This enzyme is critical for controlling 

nerve signals in body. However, since the first chemical failure was reported 

in 1928 with hydrocyanic acid (Boyce, 1928) resistance has expanded to 

other organophosphates (Cao et al., 1970), carbamates (Zhengguo et al., 

1989), pyrethroids (Amad et al., 2003), neonicotinoids (Wang et al., 2007), 

which makes it difficult to control. Early detection of resistant aphid strains 

is crucial for integrated pest management (IPM) and resistance management 

programs for various insecticide resistance A. gossypii. Therefore, it is 

important to verify the insecticide resistance status among A. gossypii
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population in Korea, and the correlation between genetic structure and 

susceptibility to insecticides of A. gossypii.

The purposes of this study were (1) to investigate the genetic 

structure and diversity of A. gossypii populations in Korea by using 

microsatellite markers, (2) to determine the difference in fitness 

(temperature-dependent development, survivorship, reproduction, and 

intrinsic rate of natural increase) of the two different genetic clusters of A. 

gossypii in Korea, and (3) to reveal the insecticide resistance status among A. 

gossypii populations and to verify correlation between genetic structure and 

susceptibility to insecticides of A. gossypii in Korea.
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Chapter Ⅰ.

Population genetic structure of Aphis gossypii

(Hemiptera: Aphididae) in Korea
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1-1. Abstract

Aphis gossypii Glover (Hemiptera: Aphididae) is a serious polyphagous 

agricultural pest worldwide. In the present study, eight microsatellite markers 

were used to investigate the genetic structure and diversity of A. gossypii

populations in Korea. Samples were collected from 37 locations in Korea (18 

populations in 2016, 14 populations in 2017, and 5 populations in 2018) from 

pepper plants. A. gossypii had low to moderate genetic diversity, and 

expected heterozygosity (HE) ranged from 0.354 to 0.719. A Mantel test of 

isolation by distance indicated no relationship between genetic structure and 

geographic distance among all populations (r2 = 0.0004, p = 0.370), 

suggesting high gene flow among populations in Korea. Populations of A. 

gossypii in Korea were divided into two distinct genetic clusters (K = 2). In 

2016 and 2017, the genetic clusters changed into opposite genetic structures 

within one year mostly in northwest and southeast parts of Korea. Possible 

relevance of study results was discussed. Chemical control, cyclical 

parthenogenesis, and immigrants from the exterior might have resulted in this 

low genetic diversity and opposite genetic clusters. 

Keywords: Aphis gossypii; microsatellite; genetic structure; genetic diversity



9

1-2. Introduction

The cotton–melon aphid, Aphis gossypii Glover (Hemiptera: 

Aphididae), is a worldwide polyphagous insect species, with a large 

ecological and host range (Blackman and Eastop, 2007). A. gossypii is an 

important pest of many agricultural plants, including cotton, melon, potato, 

chili pepper, sweet pepper, and eggplant (Leclant and Deguine 1994, Carletto 

et al., 2009). It causes significant damage to host plants by sapping, dripping 

honeydew, and transmitting viruses.

A. gossypii exhibits anholocyclic or holocyclic forms of life cycle

(Hardie, 2007). Anholocyclic A. gossypii overwinters as nymphs or adults, 

while holocyclic A. gossypii shows a heteroecious or autoecious life cycle. 

Heteroecious A. gossypii migrates from buckthorn as its primary host to 

herbaceous plants as its secondary host, where it reproduces asexually to 

produce numerous offspring in the spring. It then returns to the primary host 

in the fall to lay overwintering eggs (Hardie, 2007). On the contrary, 

autoecious A. gossypii does not require any secondary host. Only holocylic A. 

gossypii was found in several countries including Korea where harsh winter is 

common (Margaritopoulos et al., 2006). In Korea, A. gossypii hatches from 

eggs on its primary host in the beginning of April and reproduces for two to 
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three generations before adults (apterous viviparous females) migrate to 

secondary hosts from May to June (Shim et al., 1979; Kim, 2019).

Understanding population genetic structure of A. gossypii could help 

to manage aphid populations by providing more reliable estimates of 

population dynamics and the risk of resistance genes arising (Sun et al., 2012). 

The genetic structure of A. gossypii populations is influenced by various 

factors such as host plants, geographical barriers, insecticides, and dispersal 

ability (Yang et al., 2014; Wang et al., 2017). Significant genetic 

differentiation and different population structure are observed for most aphid 

species because their gene flow is limited among populations due to their 

weak flying ability and reproductive characteristics (Loxdale et al., 1993). 

Aphid is a parthenogenetic species with a high clonal diversity, i.e., a rapid 

change in time with respect to the genotypes (Sunnucks et al., 1997; Loxdale, 

2010). Moreover, the application of insecticides has potential to maintain 

clones with different levels of resistance in population, and evolution of 

resistance may have the possibility of dramatic shifts in clonal frequencies. 

However, information regarding the genetic diversity of A. gossypii in Korea 

is currently unavailable. In Korea, A. gossypii is an important insect pest of 

pepper in greenhouses because greenhouses provide sustained warm 

temperature. Since greenhouses are a relatively closed environment, pest 

populations in greenhouses are generally more affected by chemical control 



11

and host plant changes than populations in fields. These practices may lead to 

reductions in pest population size and selection for resistant genotypes in 

populations, resulting in increased homozygosity within populations and 

differentiation between pest populations (Hoffmann and Willi, 2008). In 

addition, population dynamics may account for genetic variation of pest 

populations in greenhouses. Rochat et al. (1997) revealed that a population of 

A. gossypii infesting cucurbit in greenhouses experiences extreme 

demographic fluctuations and strong founder effects through a small number 

of winged individuals immigrating from the exterior. Founder effects are 

common in aphid populations because of their high rate of population 

increase due to high fecundity and overlapping generations (Fuller et al., 

1999). They have the potential to rapidly colonize surrounding plants, leading 

to very high-density infestations and inter-clonal competition (Rochat, 1997). 

Aphid populations in greenhouses may also experience local extinctions and 

serious bottlenecks due to plant resource exhaustion or insecticide treatments. 

Despite the importance of information on genetic variation, details on the 

genetic structure of A. gossypii in Korea are scarce.

Thus, the purpose of this study was to determine genetic diversity 

and geneflow of A. gossypii on greenhouse peppers (and a few field peppers) 

in Korea using microsatellite markers. We then discuss population genetic 

structure for this species based on the results, which may provide a practical 
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framework for developing appropriate management strategies against A. 

gossypii.
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1-3. Materials and Methods 

1-3-1. Insect Sample

A. gossypii was collected in 18 populations from 2016, 14 

populations in 2017, and 5 populations in 2018 in Korea (Table 1-1). Most 

samples were collected from greenhouse peppers in summer season (late May 

to early August). However, GJ, CJ, YC, and GwJ were collected from field 

peppers in 2017 due to a change of cultivated crop or no occurrence of A. 

gossypii. All samples were placed in vials containing 95% ethanol and stored 

at −20 °C until DNA extraction.

1-3-2. Microsatellite Genotyping

DNA was extracted from individuals using a Qiagen Gentra Puregen 

Tissue Kit (Qiagen, MD, USA). A total of 1420 aphids were genotyped for 

eight microsatellite loci as described by Vanlerberghe-Masutti et al. (1999). 

The forward primer of each microsatellite locus was labeled with a 

fluorescent dye (FAM, NED, PET, VIC). Different dyes were chosen for loci 

having the same allele size to be analyzed simultaneously (Ago24-FAM, 

Ago53-VIC, Ago59-NED, Ago66-VIC, Ago69-NED, Ago84-PET, 

Ago89-PET, and Ago126-FAM). Polymerase chain reaction (PCR) was 
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performed in two separate multiplex groups (Sunnucks et al., 1997). The first 

PCR, using primers specific to seven loci (Ago53, Ago59, Ago66, Ago69, 

Ago84, Ago89, and Ago126), was performed in a final volume of 10 µL 

containing 3.1 µL of distilled water, 1.0 µL of 10× PCR buffer, 1.0 µL of 10 

mM dNTP mixture, 0.2 µL of each primer (final concentration, 10 pmol/µL), 

0.1 µL of Taq polymerase (Takara Taq ™, Tokyo, Japan), and 2.0 µL of 

template DNA. Amplifications were performed in a thermocycler with the 

following parameters: initial denaturation at 95 °C for 15 min; 25 cycles of 30 

s at 95 °C, 90 s at 56 °C, and 30 s at 72 °C; and a final extension for 30 min at 

60 °C. The second PCR using primers specific to the eighth locus of Ago24 

was performed in the same conditions except for distilled water volume (5.5 

µL) with the following parameters: 5 min at 95 °C; 35 cycles of 30 s at 95 °C, 

45 s at 62 °C, and 30 s at 72 °C; and a final elongation of 7 min at 72 °C. Then, 

1 µL of each of these two PCR products was mixed with 8.5 µL of Hi-Di 

Formamide (Applied Biosystems, Foster City, USA) for denaturing and 0.5 

µL of GeneScan™ 500 ROX™ Size Standard (Applied Biosystems, Foster 

City, USA). PCR products were separated and detected by capillary 

electrophoresis with an ABI 3730xl automatic sequencer (Applied 

Biosystems, Foster, USA) using the GENESCAN-500 [Rox] size standard. 

The genotype data were analyzed using GeneMapper 3.7 (Applied 

Biosystems, Foster City, USA).
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1-3-3. Genetic Variation and Genetic Structure

Microsatellite genotype data of A. gossypii were analyzed with 

Micro-Checker (Van Oosterhout et al., 2004) for the existence of null alleles, 

scoring errors, and large allele dropout. The confidence interval for Monte 

Carlo simulations of homozygote frequencies was set to 95%.

Basic parameters were analyzed to measure genetic diversity in A. 

gossypii population. An exact test for Hardy–Weinberg equilibrium (HWE) 

was conducted per locus and over all loci in each population using Genepop v. 

4.2.1 (Raymond and Rousset, 1995). Significance was tested using the 

Markov chain method (10,000 dememorizations, 100 batches, and 5000 

iterations per batch). We used Poppr package (Kamvar et al., 2014) of R 

software version 3.5.0 to identify the multilocus genotypes (R Development 

Core Team, 2018). Number of alleles (NA), observed heterozygosity (HO), 

expected heterozygosity (HE), and inbreeding coefficient (FIS) were 

calculated using GenAlEx version 6.5 (Peakall and Smouse, 2012). Allelic 

richness (AR) was estimated using FSTAT version 2.9.3.2 (Goudet, 2001). 

NA, HO, HE, polymorphic information content (PIC), and measures of 

genetic diversity for each locus and averaged across loci were calculated with 

CERVUS software (Kalinowski et al., 2007). An FST value of zero implies a 

lack of divergence between populations, while an FST of one implies 

complete isolation of the population. Index of pairwise FST of Weir and 
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Cockerham (1984) between population and their associate 95% confidence 

intervals were estimated using FSTAT software. The ENA (excluding null 

alleles) method was also used to verify unbiased pairwise FST values (FST

[ENA]) using the FreeNA program (Chapuis and Estoup, 2006).

Bottleneck events in A. gossypii populations were tested with 

BOTTLENECK program version 1.2 (Cornuet and Luikart, 1996) using a 

two-phase model (TPM) and stepwise mutation model (SMM). We excluded 

the infinite alleles model (IAM) because IAM was not appropriate for 

microsatellites due to high microsatellite mutation rates and mutation 

processes that might retain memory of ancestral allelic states (Goldstein et al., 

1995; Slatkin, 1995). The SMM model can predict all mutations 

corresponding to increment or decrement of a single base-pair repeat. The 

TPM model observes the occurrence of an occasional multiple base-pair 

repeat (Di Rienzo et al., 1994). It is suggested that TPM can closely simulate 

microsatellite mutation (Estoup and Cornuet, 1999). Thus, we used both TPM 

and SMM models. They are widely adopted for use with microsatellite 

markers (Piry et al., 1999; Jombart, 2008). Parameters chosen for TPM were 

as follows: variance = 30.00, probability = 70.00%, and estimations based on 

10,000 iterations. Deviations from equilibrium were examined using 

Wilcoxon signed-rank test with significance level p < 0.05. The Wilcoxon 

signed-rank test is efficient and reliable when eight microsatellite loci are 
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analyzed (Estoup and Cornuet, 1999). The genetic bottleneck test was 

reconfirmed through a mode shift indicator test based on a qualitative 

descriptor of allele frequency distribution.

Hierarchical analysis of molecular variance (AMOVA) was performed 

using GenAlEx that partitioned genetic variation among populations and 

individuals within populations. Significance of AMOVA analysis was 

estimated using 10,000 permutations. Isolation by distance (IBD) was 

analyzed by regressing pairwise population estimates of linearized FST/ (1 − 

FST) (Rousset, 1997) on a natural log of the geographical distance between all 

pairs of sample location. Mantel’s test was implemented with 9999 

permutation using ADEGENET package (Jombart, 2008) of R software 

version 3.5.0 (R Development Core Team, 2018).

Population structure of A. gossypii was calculated by the Bayesian clustering 

procedure using STRUCTURE 2.3.3 (Earl, 2012) to explore different 

numbers of populations K to the population structure based on microsatellite 

data. Ten replicate runs with 600,000 MCMC (Markov chain Monte Carlo) 

iterations and a burn-in of 60,000 steps were performed for 1 ≤ K ≤ 10 (K = 

number of clusters) to verify the consistency of estimates and determine the 

most likely number of genetic clusters. The optimal value of K was 

determined using STRUCTURE HARVESTER (Earl, 2012) to compute ΔK

(Evanno et al., 2005). Clustering pattern was applied to the CLUMPP 
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program and visualized using DISTRUCT software version 1.1 (Rosenberg, 

2004). Population structure was estimated using principal coordinate analysis 

(PCoA) applied in GenAlEx, and then scatter diagram was plotted based on 

factor scores along the two PCoAs revealing the most variations. PCoA was 

based on the covariance of the genetic distance matrix, and analysis was 

implemented separately for each year. Discriminant analysis of principal 

component (DAPC) was carried out using ADEGENET package (Jombart, 

2008) of statistical package R software version 3.5.0 (R Development Core 

Team, 2018).



19

Table 1-1. Sampling information of A. gossypii collected in Korea (2016, 

2017, and 2018).

Sampling 
name

Sampling Site Sampling 
Date

Coordinates

JiJ Jinjushi, Kyunsagnam-do 2016-05-25
2017-06-07

N35°13'51.0",E128°08'12.0"

BS Busan Metropolitan city, Kyunsagnam-do 2016-05-26
2017-06-08
2018-07-11

N35°10'18.0",E128°54'55.0"

KH Kimhaeshi, Kyungsangnam-do 2016-05-26 N35°20'14.0",E128°46'38.0"
MY Milyangshi, Kyunsagnam-do 2016-05-27

2017-06-08
N35°26'56.0",E128°48'29.0"

JE Jeongeupshi, Jeonlabuk-do 2016-06-01
2017-06-20
2018-07-11

N35°33'42.8",E126°49'03.5"

IS Iksanshi, Jeonlabuk-do 2016-06-03
2017-06-20

N36°08'21.0",E126°58'59.0"

BoS Boseonggeun, Jeonlanam-do 2016-06-02 N34°53'23.0",E127°09'44.0"
GwJ Gwangju Metropolitan city, Jeonlanam-do 2016-06-02

2017-06-02*
N35°03'45.0",E126°49'20.0"
N35°03'45.7",E126°49'49.4"

AD Andongshi, Kyungsangbuk-do 2016-06-09
2017-06-20

N36°37'57.0",E128°46'52.0"

YC Yecheonguen, Kyungsanbuk-do 2016-06-09
2017-06-27*

N36°37'15.0",E128°22'39.0"
N36°37'14.9",E128°22'39.2"

DJ Dangjinshi, Chungcheongnam-do 2016-06-29 N36°49'10.0",E126°38'29.0"
HS Hongseongguen, Chungcheongnam-do 2016-06-29

2017-06-26
2018-07-13

N36°30'49.0",E126°42'35.0"

CY Cheongyangguen, Chungcheongnam-do 2017-06-21 N36°28'59.0",E126°51'02.0"
GJ Gongjushi, Chungcheongnam-do 2016-06-30

2017-06-21*
N36°29'45.0",E126°56'32.0"
N36°29'45.0",E126°56'32.1"

CJu Cheongju, Chungcheongbuk-do 2016-06-30
2017-06-26
2018-07-12

N36°35'34.0",E127°25'41.0"

GS Goesangeun, Chungchceongbuk-do 2016-07-01 N36°51'28.0",E127°45'21.0"
CJ Chungju, Chungcheongbuk-do 2016-07-01

2017-06-19*
N36°59'58.0",E127°43'32.0"
N36°59'58.0",E127°43'32.1”

PT Pyeongtaekshi, Gyeonggi-do 2016-08-05 N37°07'23.0",E127°03'55.0"
JJ Jejushi, Jejudo

Seogwiposhi, Jejudo
2016-04-25
2017-06-26
2018-10-10

N33°28'59.8",E126°23'05.7"
N33°16'03.0",E126°15'47.6"
N33°16'03.0",E126°15'47.6"

* A. gossypii was collected from field pepper
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1-4. Results

In this study, a total of 57 alleles were verified across the eight 

microsatellite loci for 1420 A. gossypii individuals from 37 locations in Korea 

(18 populations in 2016, 14 populations in 2017, and 5 populations in 2018). 

Fisher’s exact tests showed that 291 of 1036 locus/population combinations 

deviated significantly from Hardy–Weinberg equilibrium (HWE). The 

number of alleles (NA), allelic richness (AR), observed heterozygosity (HO), 

expected heterozygosity (HE), and inbreeding coefficient (FIS) of populations 

are presented in Table 1-2. NA ranged from 2.750 (JiJ_16) to 6.375 (JE_16), 

with an average of 4.091 across populations. AR ranged from 2.707 (JiJ_16) to 

5.949 (BS_16), with an average of 3.947. The lowest HO was detected in 

JJ_17 (0.466), while the highest was detected in BS_16 (0.878). The lowest 

HE was observed in GwJ_16 (0.354), while BS_16 showed the highest HE

(0.719). Inbreeding coefficient (FIS) ranged from −0.810 (JiJ_16) to 0.128 

(JJ_17), with an average of −0.256 across populations. The presence of 

potential null alleles was indicated by a general excess of homozygotes for 

most allele size classes for no or one loci within at each population. The most 

polymorphic marker with the highest NA per locus was 10 (Ago66), and the 

mean of NA per locus was 7.125. Polymorphic information content (PIC) per 
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locus ranged from 0.425 (Ago53) to 0.760 (Ago66). PIC values showed that 

all markers were informative (Table 1-3).

Genetic structures of 37 geographic populations in 2016 (18 

populations), 2017 (14 populations), and 2018 (5 populations) were analyzed 

using pairwise comparisons of multilocus FST with or without ENA 

correction (FST
[ENA]) (Tables 1-4 ~ 1-6). Pairwise FST values between the 

populations in 2016 ranged from 0.0047 for GJ_16 and GS_16 populations 

(FST
[ENA] = 0.0093; GJ_16 and GS_16 populations) to 0.4396 for YC_16 and 

GwJ_16 populations (FST
[ENA] = 0.4287; YC_16 and GwJ_16 populations) 

(Table 1-4). Pairwise FST values between populations in 2017 ranged from 

0.0080 for AD_17 and GwJ_17 populations (FST
[ENA]= 0.0109; AD_17 and 

GwJ_17 populations) to 0.3819 for CY_17 and CJu_17 populations (FST
[ENA]

= 0.3718; CY_17 and CJu_17 populations) (Table 1-5). Pairwise FST values 

between populations in 2018 ranged from 0.0033 for CJu_18 and BS_18 

populations (FST
[ENA] = 0.0043; CJu_18 and BS_18 populations) to 0.2022 

for CJu_18 and JJ_18 populations (FST
[ENA] = 0.2008; CJu_18 and JJ_18 

populations) (Table 1-6). FST adjusted for null alleles and FST assuming no 

null allele results were similar to each other. Overall FST value (uncorrected 

FST = 0.1888, 95% confidence interval (CI): 0.1222–0.2532; ENA corrected 

FST = 0.1794, 95% confidence interval (CI): 0.1166–0.2411) indicated a high 

level of genetic differentiation among geographic populations.
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Based on bottleneck analysis, significant heterozygote excess was 

shown in 10 of 37 populations under the two-phase model (TPM) and three of 

37 populations using the stepwise mutation model (SMM). Accordingly, 

there was potential evidence for recent population reductions in a few 

populations. Most populations had a normal L-shaped distribution (except for 

YC_16, JiJ_16, and HS_18), indicating that A. gossypii expanded spatially 

without severe bottleneck in most regions of Korea. Population YC_16, 

JiJ_16, and HS_18 showed a significant bottleneck effect at p = 0.05 and a 

shifted shape (S) allele frequency distribution, providing evidence for recent 

population reduction in these populations (Table 1-7).

Analysis of molecular variance (AMOVA) for A. gossypii

populations revealed a high variance component within individuals (85%), 

followed by among populations (15%) (Table 1-8). The component of 

variance among populations was significant (FST). Based on the Mantel test 

for IBD, no significant correlation was found between genetic and 

geographical distances among populations (r2 = 0.0004, p = 0.370), 

suggesting high gene flow among populations in Korea (Fig. 1-1). 

Results of Bayesian analysis of population genetic structure 

indicated that the best dataset partitioning involved two genetic clusters since 

the value of ΔK (Evanno method) occurred at K = 2 with a maximum value of 

1251.3 (Fig. 1-2). Using partition K = 2, graphics were drawn with 
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DISTRUCT to visualize the clustering pattern of individuals and populations 

(Fig. 1-3). In addition, results of Bayesian cluster analysis of multilocus 

microsatellite genotypes in 2016, 2017, and 2018 are displayed as pie graphs 

(Fig. 1-4). Opposite genetic clusters appeared between 2016 and 2017, 

mostly in northwest (HS, CJu) and southeast (MY, BS, JiJ) parts of Korea, 

although samples were collected from the same pepper greenhouse. HS 

population showed an opposite pie graph compared to 2016 and 2017. 

However, the cluster was divided in half in 2018. JE and BS populations 

showed similar pie graphs in 2017, while CJu showed the process of changing 

to opposite cluster.

Principal coordinate analysis (PCoA) showed that the pattern of 

genetic structure was similar to the genetic cluster analysis result (two distinct 

groups) (Fig. 1-5). Total variance explained by the first and second axes in 

2016, 2017, and 2018 was 56% (30.39% for axis 1 and 25.11% for axis 2). 

Discriminant analysis of principal component (DAPC) results were highly 

similar to PCoA based on the scatter plot of the population. However, most 

populations were at the gravity center because genetic variation between 

populations was not large enough to be divided into two distinct groups. (Fig.

1-6).
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Table 1-2. Genetic variation estimates of geographic population of A. gossypii. Number of 

alleles (NA), allelic richness (AR), observed heterozygosity (HO), expected heterozygosity 

(HE), inbreeding coefficient (FIS), probability (p-value) of being in Hardy–Weinberg

equilibrium (HWE), and loci showing potential null alleles. ID—identifier.

Population 
ID

Sample 
size

NA AR HO HE p-value FIS 
1 Loci with Null 

alleles
PT_16 40 4.250 4.124 0.759 0.575 0.00002 −0.257 *** Ago53
DJ_16 40 3.250 3.172 0.744 0.502 0.00002 −0.438 *** No
HS_16 40 5.250 5.080 0.741 0.623 0.00002 −0.172 *** Ago69
GJ_16 40 3.000 2.735 0.616 0.404 0.00002 −0.322 *** Ago66, Ago126
CJu_16 40 3.500 3.361 0.828 0.510 0.00002 −0.548 *** No
GS_16 40 3.250 3.014 0.594 0.417 0.00002 −0.297 *** Ago66
CJ_16 40 5.500 5.266 0.851 0.709 0.00002 −0.214 *** No
YC_16 40 2.875 2.803 0.716 0.442 0.00002 −0.554 *** No
AD_16 40 5.625 5.334 0.750 0.623 0.00002 −0.241 *** Ago53
MY_16 40 4.625 4.429 0.694 0.570 0.00002 −0.178 *** Ago53, Ago69
JiJ_16 40 2.750 2.707 0.850 0.472 0.00002 −0.810 *** No
KH_16 40 4.625 4.580 0.766 0.635 0.00002 −0.168 *** Ago53
BS_16 40 6.125 5.949 0.878 0.719 0.00002 −0.228 *** No
IS_16 40 5.000 4.736 0.541 0.516 0.00002 −0.025 *** Ago53, Ago66, 

Ago126
JE_16 40 6.375 5.919 0.859 0.656 0.00002 −0.315 *** No
GwJ_16 40 3.375 3.161 0.544 0.354 0.00002 −0.373 *** Ago53
BoS_16 40 4.500 4.299 0.850 0.561 0.00002 −0.502 *** No
JJ_16 40 5.625 5.363 0.687 0.632 0.00002 −0.078 *** Ago59
HS_17 40 3.375 3.271 0.494 0.422 0.00002 −0.110 *** Ago53, Ago59, 

Ago66
CY_17 30 3.625 3.625 0.513 0.438 0.00002 −0.205 *** Ago53
GJ_17 * 40 3.000 2.883 0.559 0.433 0.00002 -0.166*** Ago53, Ago59, 

Ago66
CJu_17 40 3.000 2.904 0.631 0.469 0.00002 −0.277 *** Ago59, Ago69
CJ_17 * 40 4.875 4.566 0.719 0.574 0.00002 −0.217 *** Ago53
YC_17 * 40 3.750 3.639 0.741 0.563 0.00002 −0.289 *** No
AD_17 40 3.250 3.203 0.725 0.511 0.00002 −0.332 *** Ago53, Ago69
MY_17 40 3.750 3.611 0.547 0.428 0.00002 −0.048 *** Ago53, Ago59, 

Ago69, Ago126
BS_17 40 5.375 5.131 0.691 0.602 0.00002 −0.155 *** Ago53, Ago59, 

Ago126
JiJ_17 40 3.625 3.461 0.656 0.549 0.00002 −0.235 *** Ago53, Ago66
IS_17 40 3.875 3.641 0.616 0.473 0.00002 −0.301 *** Ago53
JE_17 40 3.875 3.708 0.763 0.527 0.00002 −0.346 *** No
GwJ_17 * 40 4.375 4.131 0.734 0.527 0.00002 −0.280 *** Ago53
JJ_17 40 4.875 4.620 0.466 0.477 0.00002 0.128 *** Ago24, Ago53, 

Ago59
HS_18 30 2.875 2.875 0.608 0.513 0.00002 −0.138 *** Ago53, Ago59, 

Ago69
CJu_18 30 3.250 3.250 0.579 0.501 0.00002 −0.164 *** Ago53, Ago59, 

Ago69
BS_18 30 3.500 3.500 0.550 0.485 0.00002 −0.107 *** Ago53, Ago59, 

Ago69
JE_18 30 3.250 3.250 0.596 0.443 0.00002 −0.322 *** Ago59, Ago69
JJ_18 30 4.375 4.375 0.700 0.542 0.00002 −0.171 *** Ago53, Ago69
* A. gossypii was collected from field pepper; HW test: Hardy–Weinberg exact test (Raymond and Rousset, 1995) with Bonferroni 
correction (p = 0.000017). 
1 Significance FIS value was obtained after a 1000-permutation test (** p < 0.05; *** p < 0.01).
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Table 1-3. Microsatellite loci, number of alleles observed at each locus (NA), 

observed (HO) and expected (HE) heterozygosity at each locus, and mean 

PIC (polymorphic information content) per locus in A. gossypii population. 

Locus NA HO HE PIC
Ago24 6 0.848 0.618 0.544
Ago53 6 0.182 0.442 0.425
Ago59 8 0.665 0.790 0.758
Ago66 10 0.739 0.791 0.760
Ago69 9 0.588 0.775 0.743
Ago84 5 0.982 0.651 0.585
Ago89 5 0.992 0.581 0.494
Ago126 8 0.472 0.559 0.514

7.125 0.684 0.651 0.603 
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Table 1-4. Pairwise FST
[ENA] values (lower-left matrix), and pairwise FST values and significance (upper-right matrix) 

based on 8 microsatellite loci between the populations of A. gossypii in Korea (2016). 

PT_16DJ_16 HS_16 GJ_16 CJu_16GS_16 CJ_16 YC_16 AD_16 MY_16JiJ_16 KH_16 BS_16 IS_16 JE_16 GwJ_16 BoS_16JJ_16

PT_16 - 0.1376*0.0514*0.1766*0.1167* 0.1549* 0.1091*0.0783*0.1030*0.1007* 0.1503* 0.0930* 0.1329*0.2228*0.1083* 0.3425* 0.1319*0.1387*

DJ_16 0.1397 - 0.0721*0.2321*0.0629* 0.2275* 0.1396*0.1313*0.2376*0.0368*0.0144NS 0.0512* 0.1592*0.2366*0.1253* 0.3632* 0.1352*0.1731*

HS_16 0.0500 0.0713 - 0.1807*0.0732* 0.1686* 0.0808*0.0440*0.1466*0.0503* 0.0938* 0.0320* 0.0734*0.1860*0.0470* 0.3102* 0.0643*0.1310*

GJ_16 0.1590 0.2196 0.1565 - 0.2472*0.0047NS0.1967*0.2906*0.1722*0.1497* 0.2652* 0.1622* 0.2380*0.1331*0.2518* 0.2433* 0.2805*0.2445*

CJu_16 0.1189 0.0628 0.0699 0.2319 - 0.2321* 0.1414*0.1206*0.2333*0.0761* 0.0691* 0.0877* 0.1445*0.2592*0.1451* 0.3936* 0.1415*0.1703*

GS_16 0.1508 0.2204 0.1531 0.0093 0.2265 - 0.1896*0.2684*0.1734*0.1493* 0.2612* 0.1551* 0.2274*0.1449*0.2369* 0.2645* 0.2595*0.2306*

CJ_16 0.1027 0.1417 0.0749 0.1787 0.1434 0.1772 - 0.1731*0.1197*0.0825* 0.1615* 0.0722* 0.0870*0.1496*0.0916* 0.2457* 0.1387*0.0941*

YC_16 0.0816 0.1328 0.0516 0.2744 0.1209 0.2630 0.1750 - 0.2503*0.1232* 0.1474* 0.1077* 0.1799*0.3127*0.1167* 0.4396* 0.1155*0.2097*

AD_16 0.0984 0.2396 0.1414 0.1549 0.2361 0.1677 0.1184 0.2552 - 0.1757* 0.2485* 0.1570* 0.1489*0.1863*0.1786* 0.2736* 0.2411*0.1818*

MY_16 0.0997 0.0363 0.0453 0.1378 0.0749 0.1417 0.0757 0.1303 0.1688 - 0.0663* 0.0261NS0.1237*0.1359*0.0997* 0.2606* 0.1074*0.1239*

JiJ_16 0.1525 0.0139 0.0921 0.2507 0.0692 0.2555 0.1632 0.1473 0.2515 0.0660 - 0.0791* 0.1819*0.2679*0.1591* 0.3960* 0.1686*0.1953*

KH_16 0.0927 0.0556 0.0292 0.1553 0.0919 0.1507 0.0678 0.1126 0.1546 0.0255 0.0843 - 0.0813*0.1539*0.0389* 0.2643* 0.0665*0.1306*

BS_16 0.1280 0.1598 0.0683 0.2148 0.1459 0.2119 0.0874 0.1804 0.1484 0.1147 0.1832 0.0776 - 0.2001*0.0476* 0.3241* 0.0970*0.1374*

IS_16 0.2066 0.2377 0.1740 0.1330 0.2583 0.1375 0.1364 0.3116 0.1724 0.1265 0.2679 0.1459 0.1902 - 0.2280*0.0526NS0.2650*0.2238*

JE_16 0.1052 0.1263 0.0474 0.2374 0.1464 0.2281 0.0936 0.1174 0.1815 0.0955 0.1602 0.0369 0.0484 0.2234 - 0.3399* 0.0488*0.1471*

GwJ_160.3183 0.3527 0.2939 0.2337 0.3836 0.2360 0.2319 0.4287 0.2609 0.2412 0.3860 0.2453 0.3124 0.0573 0.3300 - 0.4014*0.3462*

BoS_16 0.1312 0.1359 0.0653 0.2662 0.1421 0.2534 0.1407 0.1157 0.2443 0.1051 0.1690 0.0679 0.0985 0.2619 0.0491 0.3912 - 0.1643*

JJ_16 0.1330 0.1753 0.1227 0.2272 0.1713 0.2236 0.0883 0.2116 0.1748 0.1171 0.1966 0.1262 0.1319 0.2035 0.1442 0.3234 0.1640 -

*: P<0.05 (significant value); NS: not significant. 
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Table 1-5. Pairwise FST
[ENA] values (lower-left matrix), and pairwise FST values and significance (upper-right matrix) 

based on 8 microsatellite loci between the populations of A. gossypii in Korea (2017).

HS_17 CY_17 GJ_17 CJu_17 CJ_17 YC_17 AD_17 MY_17 BS_17 JiJ_17 IS_17 JE_17 GwJ_17 JJ_17

HS_17 - 0.2496* 0.1068* 0.2702* 0.1000* 0.249* 0.2071* 0.1002* 0.1207* 0.1395* 0.2008* 0.2104* 0.2204* 0.1060*

CY_17 0.2413 - 0.2738* 0.3819* 0.1927* 0.2954* 0.3448* 0.2720* 0.1993* 0.1492* 0.2008* 0.3368* 0.3471* 0.2444*

GJ_17 0.0924 0.2625 - 0.1865* 0.1045* 0.2857* 0.2139* 0.0229NS 0.1467* 0.1178* 0.2505* 0.2122* 0.2259* 0.0824*

CJu_17 0.2536 0.3718 0.1710 - 0.1885* 0.2664* 0.2037* 0.2257* 0.1674* 0.2513* 0.3667* 0.1946* 0.2025* 0.2150*

CJ_17 0.0967 0.1944 0.0937 0.1702 - 0.2004* 0.1558* 0.1173* 0.0414* 0.1022* 0.1788* 0.1464* 0.1560* 0.1023*

YC_17 0.2253 0.2853 0.2587 0.2475 0.1892 - 0.2042* 0.2930* 0.1802* 0.1731* 0.2198* 0.1993* 0.1895* 0.3070*

AD_17 0.2008 0.3462 0.1989 0.1900 0.1525 0.1983 - 0.2348* 0.1765* 0.2145* 0.3130* 0.0232* 0.0080NS 0.2003*

MY_17 0.0836 0.2622 0.0185 0.1873 0.0987 0.2590 0.2139 - 0.1521* 0.1211* 0.2368* 0.2252* 0.2456* 0.0898*

BS_17 0.1196 0.2051 0.1320 0.1420 0.0380 0.1667 0.1713 0.1256 - 0.1150* 0.1680* 0.1621* 0.1757* 0.1198*

JiJ_17 0.1186 0.1556 0.1013 0.2399 0.1016 0.1655 0.2160 0.1067 0.1142 - 0.0415NS 0.2130* 0.2212* 0.1270*

IS_17 0.1611 0.1997 0.2173 0.3449 0.1638 0.2138 0.3039 0.2076 0.1589 0.0377 - 0.3055* 0.3159* 0.2201*

JE_17 0.2024 0.3328 0.1997 0.1852 0.1432 0.1814 0.0258 0.2052 0.1541 0.2088 0.2893 - 0.0142NS 0.2043*

GwJ_17 0.2198 0.3529 0.2199 0.1930 0.1578 0.1842 0.0109 0.2306 0.1712 0.2284 0.3120 0.0154 - 0.2204*

JJ_17 0.0932 0.2359 0.0683 0.1882 0.0946 0.2714 0.1930 0.0660 0.1085 0.1144 0.1975 0.1937 0.2172 -

*: P<0.05 (significant value); NS: not significant. 
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Table 1-6. Pairwise FST
[ENA] values (lower-left matrix), and pairwise FST values and significance (upper-right matrix) 

based on 8 microsatellite loci between the populations of A. gossypii in Korea (2018).

HS_18 CJu_18 BS_18 JE_18 JJ_18

HS_18 - 0.0277NS 0.0464NS 0.0639*2 0.1855*

CJu_18 0.0290 - 0.0033NS 0.1696* 0.2022*

BS_18 0.0448 0.0043 - 0.1862* 0.1964*

JE_18 0.0659 0.1679 0.1804 - 0.1694*

JJ_18 0.1719 0.2008 0.1945 0.1621 -
*: P<0.05 (significant value); NS: not significant. 
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Table 1-7. Wilcoxon signed-rank test for mutation-drift equilibrium 

estimated based on eight microsatellite loci.

Population 
ID

TPM SMM
Mode 
shift

Population 
ID

TPM SMM
Mode 
shift

PT_16 0.191 0.680 L CY_17 0.281 0.578 L

DJ_16 0.037 **,2 0.156 L GJ_17 * 0.191 0.422 L

HS_16 0.371 0.629 L CJu_17 0.020 ** 0.273 L

GJ_16 0.422 0.473 L CJ_17 * 0.371 0.680 L

CJu_16 0.098 0.273 L YC_17 * 0.004 ** 0.006 ** L

GS_16 0.289 0.813 L AD_17 0.125 0.371 L

CJ_16 0.002 ** 0.037 ** L MY_17 0.727 0.844 L

YC_16 0.027 ** 0.188 S BS_17 0.527 0.809 L

AD_16 0.727 0.994 L JiJ_17 0.027 ** 0.098 L

MY_16 0.422 0.770 L IS_17 0.371 0.809 L

JiJ_16 0.004 ** 0.020 ** S JE_17 0.098 0.191 L

KH_16 0.027 ** 0.230 L GwJ_17 * 0.473 0.875 L

BS_16 0.010 ** 0.473 L JJ_17 0.973 0.994 L

IS_16 0.809 0.990 L HS_18 0.014 ** 0.098 S

JE_16 0.629 0.963 L CJu_18 0.098 0.273 L

GwJ_16 0.711 0.813 L BS_18 0.191 0.527 L

BoS_16 0.422 0.727 L JE_18 0.289 0.594 L

JJ_16 0.473 0.963 L JJ_18 0.320 0.809 L

HS_17 0.469 0.469 L
2 p is test for heterozygosity excess, ** p < 0.05; TPM: two-phase model; SMM: stepwise mutation 

model; L: normal L-shaped distribution S: shifted mode.
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Table 1-8. Analysis of molecular variance (AMOVA) analysis on eight microsatellites in different populations of A. 

gossypii in Korea (*** p < 0.01). df—degrees of freedom

Source of variation df Sum of squares
Mean sum of 

squares
Estimated 
variance

% of 
variation

F-statistics

Among populations 36 1434.821 39.856 0.500 15% FST = 0.190 ***

Among individuals 
within populations

1383 2099.471 1.518 0.000 0% FIS = −0.286

Within individuals 1420 3879.000 2.732 2.732 85% FIT = −0.041

Total 2839 7413.292 3.231 100%
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Figure 1-1. Geographical distance versus genetic distance (FST/1 − FST) for 

populations of Aphis gossypii, using pairwise FST. Correlations and 

probabilities were estimated from a Mantel test with 9999 bootstrap repeats.
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Figure 1-2. Bayesian inference to identify suitable cluster (K) and cluster 

proportion using STRUCUTRE for Aphis gossypii in Korea. Delta K are 

analyzed against number of genetic clusters (K).
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Figure 1-3. Structure profile under K = 2, permuted in CLUMPP, plotted with 

DISTRUCT on 37 A. gossypii populations, depicting classifications with the 

highest probability under the model that assumes independent allele 

frequencies and inbreeding coefficients among assumed clusters. Each 

individual is represented by a vertical bar, often partitioned into colored 

segments with the length of each segment representing the proportion of the 

individual’s genome from K = 2 ancestral populations. On the bottom of the 

plot, the name of population localities is indicated and the year of sampling is 

shown in parentheses.
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Figure 1-4. All populations partitioned in two clusters (K = 2) and the pie graphs revealing the results from a Bayesian 

cluster analysis of multilocus genotypes in 2016, 2017, and 2018. The population identifiers (IDs) are indicated in pie 

graphs (* = samples collected from field pepper).
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Figure 1-5. Scatter diagram of factor scores from a principal coordinate analysis of genotype data for eight 

microsatellite loci in samples of A. gossypii collected from 37 locations in Korea (2016, 2017, and 2018). The 

percentage of total variation attributed.
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Figure 1-6. Scatter plot of DAPC analysis of the nine populations using “adegent” in R package (Table 2 indicates the 

population ID). Dots: individuals, ellipses: populations.
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1-5. Discussion

This study is the first attempt to understand the pattern of genetic 

variability in A. gossypii in Korea. In the present study, we analyzed genetic 

diversity within and between A. gossypii populations collected from pepper 

plants (mostly in greenhouses). Genetic variability found in A. gossypii

through the use of molecular markers revealed that its clonal diversity is 

structured by its host plants (Vanlerberghe-Masutti, 1999). In the present 

study, A. gossypii had low to moderate genetic diversity based on 

microsatellite data, in which HE varied from 0.354 (GwJ_16) to 0.719 

(BS_16). Most HE values were lower than the average (average = 0.524). A 

similar level of genetic variation was shown in other aphid species (Sitobion 

avenae), for which HE ranged from 0.409 to 0.873 on the basis of eight 

microsatellite loci (Llewellyn et al., 2003). Within a greenhouse population 

of A. gossypii, clonal diversity declined significantly as spring/summer 

season progressed (Fuller et al., 1999). Similarly, in S. avenae, genetic 

variation significantly decreased from spring to summer (De Barro et al., 

1995). Brévault et al. (2008) revealed that A. gossypii populations, collected 

from cotton crops, vegetable crops, and weeds in northern Cameroon, show 

very low genetic diversity (only 11 multilocus genotypes identified). The 

final predominance of the clone may occur through a combination of genetic 
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drift related to population foundation, demographic explosion, and/or clonal 

competition. The final fittest founder genotype will become dominant during 

the period of rapid population growth, while recessive genotypes will 

decrease in frequency or may extinct completely. Moreover, Eriosoma 

lanigerum and Myzus persicae show low levels of genetic diversity due to 

adaptation of aphids to heavy selection pressures, including distribution of 

host plants and the use of insecticides (Timm et al., 2005; Zamoum et al., 

2005). Cyclical parthenogenesis may explain the low level of genetic 

variability detected in aphids compared to other insects. It could be an 

important factor that leads to local or temporal genetic differentiation of 

populations (Hales et al., 1997). In our study, most A. gossypii samples were 

collected from greenhouse peppers in the summer, during which most A. 

gossypii were under cyclical parthenogenesis. Chemical control was common 

in all greenhouses. This apparently led to heavy selective pressure for A. 

gossypii. These points may explain such low levels of genetic variability of A. 

gossypii observed in Korea. Moreover, A. gossypii developed resistance to 

insecticides such as carbamates and organophosphates. Its exponential 

growth due to parthenogenesis favors rapid selection for insecticide 

resistance traits (Moores et al., 1996; Delorme et al., 1997). Therefore, it 

would be important to understand the genetic structure and level of gene flow 

of A. gossypii populations, to estimate insecticide resistance over temporal 
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and spatial scales and investigate distribution of resistance genes among A. 

gossypii populations because resistance genes are related to genetic factors.

The moderate flight and dispersal ability of aphids might allow short-distance 

movement. Usually, the IBD test is widely used to examine spatial patterns of 

gene flow and genetic relatedness between populations (Wright, 1943). 

Results of IBD analysis revealed that geographic distance had no effect on A. 

gossypii population structure in Korea. In the present study, the lack of a 

significant IBD pattern may indicate unrestricted gene flow among A. 

gossypii populations in Korea. Genetic structure analysis based on 

STRUCTURE and PCoA revealed two genetic clusters in A. gossypii

populations in Korea. Interestingly, different genetic clusters were found 

between 2016 and 2017, mostly in northwest (HS, CJu, IS) and southeast 

(MY, BS, JiJ) parts of Korea, although samples were collected from the same 

greenhouses. Interestingly, Jeju (JJ) population showed similar genetic 

clusters during three years. Such similar genetic structures might be due to 

limited immigration as growers raise pepper seedlings by themselves and Jeju 

is an island. Within a greenhouse, clonal composition does not persist over 

time. These changes might result from local extinction (due to insecticide, 

crop change, cold winter temperature, etc.), followed by recolonization by 

winged immigrants coming from neighboring greenhouses, from refuges, or 

from raising of seedlings. In addition, different clusters observed over the 
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years can be attributed to a founder effect. A greenhouse is a comparatively 

enclosed space. Once it is founded, migration to the outside would be limited 

and vice versa. A few new immigrants that succeed in dispersing into a 

greenhouse after insecticide treatment for control might have a significant 

effect on the genetic structure of A. gossypii. Moreover, the population 

structure of A. gossypii might change dramatically due to bottlenecks and 

rapid gene flow, because several locations (HS, CJu, BS, JiJ) showed a 

significant p-value in the TPM model. Moreover, a change in genetic cluster 

in a period of one year might be caused by different fitness between two 

genetic clusters of A. gossypii in Korea. Two genetic clusters of A. gossypii

might have coexisted in the same regions, and one genetic cluster could be a 

dominant genotype if there is a fitness difference between them. 

Genetic diversity was revealed among A. gossypii populations in 

Korea based on eight microsatellite loci. A. gossypii populations in Korea 

appeared to be classified into two genetic clusters. However, its genetic 

structure rapidly changed into opposite clusters in several regions, although 

samples were collected from the same locations. Based on the results of 

bottleneck analysis (TPM, SMM model), most A. gossypii populations 

experienced a recent spatial expansion without any severe bottleneck in most 

regions of Korea. However, several locations (HS, CJu, BS, JiJ) were shown 

to be significant in TPM, which may affect the rapid turnover in genetic 
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structure. These results provide important information for understanding its 

feasible local adaptation and dispersal patterns. A. gossypii populations in 

pepper-growing (field and greenhouse) areas in Korea showed low genetic 

diversity and high gene flow due to cyclical parthenogenesis and heavy 

insecticidal selection pressure. Thus, future work should elucidate any 

phenotypic fitness difference between the two genetic clusters of A. gossypii

in Korea. Also, further studies should focus on the relationship between the 

genetic structure of A. gossypii populations in various crop-producing areas 

and the extent of insecticide selection pressure.
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Chapter Ⅱ.

Comparison of fitness parameters between two 

different genetic clusters of Aphis gossypii

(Hemiptera: Aphididae)
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2-1. Abstract

The cotton-melon aphid, Aphis gossypii Glover, is a polyphagous 

species which is a major insect pest of Cucurbitaceae in Korea. Based on 

Chapter 1, there are two genetic clusters of A. gossypii in Korea. However,

there are no information regarding to the fitness in different genetics clusters 

of A. gossypii. Objectives of this study were to explore any differences in 

fitness (temperature-dependent development, survivorship, reproduction, 

and intrinsic rate of natural increase) of these two different genetic clusters 

of A. gossypii. A. gossypii were examined on cucumber Cucumis sativus L. 

(cv. Joeun Baegdadagi) and evaluated at three constant temperatures (14.7, 

25.3, and 34.9°C), and the data were analyzed by the TWOSEX-MSChart 

program. Results showed that there were no difference in fitness between 

two genetic clusters of A. gossypii. 

Key words: Aphis gossypii; genetic cluster; life table
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2-2. Introduction

The cotton–melon aphid, Aphis gossypii Glover (Hemiptera: 

Aphididae), is a world-widely distributed polyphagous insect and a vector of 

76 viral diseases across a very large range of plants (Chan et al., 1991; Ebert 

and Cartwright, 1997). A. gossypii causes significant economic damages to 

many crops, especially pepper and cucumber in greenhouses in Korea (Kim 

et al., 1986). 

A life table provides the comprehensive description of life history 

characteristics of organisms including insects (Yang and Chi, 2006). In 

insects, although temperature may be most influential, biotypes and host 

plants as well as pest control actions might affect also produce variation in 

their life history characteristics (Fan et al. 1992). For example, biotypes of 

Bemisia tabaci (B and Q) showed differences in developmental rates on 

sweet pepper (Muñiz and Nombela, 2001). Decreased relative fitness 

associated with insecticide resistance has been also demonstrated for many 

insects, including Spodoptera litura (Abbas et al., 2012), Plutella xylostella 

(Cao and Han, 2006), Nilaparvata lugens (Liu and Han, 2006), and B.

tabaci (Crowder et al., 2009).

There were two genetic clusters of A. gossypii in Korea, and in some 

areas rapid turnover in the genetic structure of its population was found even 
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in the same greenhouse (Chapter 1). There may be several causes for this 

phenomenon, which were discussed in Chapter 1. One of them is the 

potential difference in the fitness of two different genetics clusters of A. 

gossypii. Therefore, to determine whether fitness of A. gossypii is partially 

responsible for this change of the genetic structure of A. gossypii 

populations, investigation was made about the fitness components (e.g., 

survival, developmental rate, fecundity, and intrinsic rate of natural increase

etc.) between two genetic clusters of A. gossypii. 
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2-3. Material methods

2-3-1. Rearing methods and experimental conditions 

A. gossypii used in the experiments was collected from pepper 

greenhouses in Cheongju (cluster 1) and Jeongeup (cluster 2) in Korea in 

July, 2018 (Table 2-1). The genetic structure was identified by eight 

microsatellite markers (Vanlerberghe-Masutti et al., 1999) and the 

procedure was followed according to all the genetic protocols in Chapter 1.

A. gossypii was reared on cucumber, Cucumis sativus L. (cv. Joeun 

Baegdadagi) in the growth chamber at 25 °C ± 2 °C, relative humidity (RH)

of 60 ± 5% and a photoperiod of 16:8 (L:D)h. They were reared for ten 

generations before the experiments. Cucumber seedlings were grown to the 

four to five leaf stage in a mixture of sand (70%) and peat moss (30%) in 

10cm pots. Cucumber was grown at 25 °C ± 1° C and 60 ± 5% RH with a 

photoperiod of 16:8 (L:D) h by using LED light. 

Table 2-1. Sampling information of A. gossypii.

Cluster Sampling Site Sampling Date Coordinates

Cluster 1 Cheongjushi, Chungcheongbuk-do 2018-07-12 N36°35'34.0",E127°25'41.0"

Cluster 2 Jeongeupshi, Jeonlabuk-do 2018-07-11 N35°33'42.8",E126°49'03.5"
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2-3-2. Life table experiment

Life table experiments for A. gossypii were conducted at 3 constant 

temperatures (15, 25, and 35 °C) in separate growth chambers, with 60% 

RH and a photoperiod of 16:8 (L:D) h. The environmental condition in 

growth chambers were monitored using a Hobo LCD Data Logger (Onset 

Computers, Pocasset, MA). The actual mean temperature was 14.7, 25.3, 

and 34.9 °C, respectively. Thus, these actual temperatures were used for the 

analysis. At the beginning of experiments for each temperature, newly laid

nymphs (<12 h) were individually transferred onto excised cucumber leaf 

discs placed upside-down on wet cotton wool Petri dishes (5cm diameter) 

and then transferred to growth chambers. To maintain the excised leaf discs 

fresh, the cotton wool in the Petri dishes was wetted daily and aphids were 

transferred every 3 days to new cucumber leaf discs (McCornack et al.,

2004). Also, waters was added daily to keep the leaf discs fresh. Fifty 

aphids were examined for each temperatures and genetic clusters. 

Developmental times of individuals were determined for each nymphal 

instar (N1 – N4), total nymph, pre-reproduction, reproduction and 

post-reproduction periods were determined. Survival rates of individuals 

were determined for each nymphal instar and total nymph. Development 

and survival aphids were observed every 24 h at 14.7 °C and 25.3 °C and 

every 12 h at 34.9 °C. The presence of exuviae was used to verify molting. 



49

A. gossypii reproduction was studied at two constant temperatures

because at 34.9 °C no reproduction was made in the primary observation. 

Observation was made every 24 h and nymphs were counted and removed 

daily form the leaf discs. Observation was continued until the death of the 

last individuals. 

2-3-3. Life Table Analysis

Raw data on the survival, development and oviposition of all 

individuals were analyzed based on age-stage, two-sex life table theory (Chi 

and Liu, 1985; Chi, 1988) using the computer program TWOSEX-MSChart 

(Chi, 2019). This method has been used not only for two sex insects, but 

also for parthenogenetic female populations such as Panaphis juglandis

(Goeze) (Hemiptera: Callaphididae) can be applied (Polat-Akköprü et al.,

2015). Ages-stage-specific survival rate (sxj; the probability of newborn 

nymph surviving to age x and stage j ) and age-stage- specific fecundity (fxj; 

daily number of nymphs produced per female of age x) were calculated from 

the raw data. Then, the age-specific survival rate (lx; the probability of a 

newborn nymph reaching to age x), the age-specific fecundity (mx; daily 

number of nymphs produced per individual) and the net Reproductive rate 

(R0) were calculated as:
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(Equation 1)

(Equation 2)

(Equation 3)

The intrinsic rate of increase (r) is calculated using the bisection 

method from the Euler-Lotka formula with age indexed from zero 

(Goodman, 1982).

(Equation 4)

The finite rate of increase (λ) was calculated as λ = e r, and the mean 

generation Time (T) was calculated as:

(Equation 5)

Based on the age-stage, two-sex life table, the life expectancy (exj; the 

time that an individual of age x and stage j is expected to be alive) was 
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estimated according to Chi and Su (2006). The age-stage-specific 

reproductive Value (vxj) was calculated according to Tuan et al. (2014). The 

standard errors of the population parameters were estimated using bootstrap 

method (100,000 times repeated) (Efron and Tibshirani 1993, Chi 2016) 

was used. Bootstrapping generated a normal frequency distribution that was 

essential for the following analysis and comparison. To verify effects of 

temperature on population parameters, the differences among the 

temperature were compared using paired bootstrap test (Efron and 

Tibshirani 1993, Chi 2016). 
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2-4. Results

The duration of A. gossypii stages is presented in Table 2-2. There was 

a significant difference in development time among the temperatures. The 

longest adult longevity was 37.3 days at 14.7  (cluster 1) and shortest was ℃

2.31 days at 34.9  (cluster 1). ℃ A. gossypii developed significantly faster at 

warmer temperature (25.3 ℃ and 34.9 ℃) than at cooler temperature 

(14.7 ) (Table 2℃ -2). Survival rate was lower at 34.9 ℃ than those at other 

temperatures. In general, no difference was found in nymphal development 

time and survival rate between two clusters. However, at 34.9  total ℃

nymphal survival rate was higher in the cluster 1 than cluster 2.

The pre-reproduction period of A. gossypii was not different between 

two clusters although some pre-reproduction and post-reproduction periods 

were rather different between them (Table 2-4). At 14.7 °C, the cluster 1 

had a significantly longer post-reproduction period (16.6 days) than the 

cluster 2 (4.4 days). There was no significant difference in the fecundity 

between two clusters (Table 2-4). 

No difference was found in the fitness between two clusters of A. 

gossypii (Table 2-5). Age-stage specific survival rates (Sxj) at each 

temperature are presented in Fig. 2-1. The survival rates were expressed 

separately at each stage. Due to the variable developmental rates among 
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individuals, stages’ overlap can be observed in all Sxj curves. Low survival 

rate was observed at 34.9 °C. 

The curves of lx ( the age-specific survival rate of all individuals) and 

mx (the age-specific fecundity of the total population) shows the trend of 

changes in survival and fecundity of two clusters of A. gossypii at different 

temperature (Fig. 2-2). The curve of lx is actually simplified overview of Sxj

curves hence the overlap between stages cannot be seen. The highest 

age-specific fecundity (mx) peak were 4.82, 5.24, 8.85, and 8.87 nymphs per 

female at 14.7 °C (cluster 1), 14.7 °C (cluster 2), 25.3 °C (cluster 1), and 

25.3 °C (cluster 2) respectively that occurred at the age of 22, 24, 9, and 10 

days. The peak of age-stage-specific reproductive Values (vxj), that 

contribution of individuals at age x and stage j to the future population, 

occurred at 20, 20, 8, and 8 days (Fig. 2-3).
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Table 2-2. Development times (days, mean ± SEM) of two genetic clusters of A. gossypii at different temperatures.

Means followed by the same letters in each row within each temperature are not significantly different (paired bootstrap test at 5% significance level).

14.7℃ 25.3℃ 34.9℃

Cluster 1 Cluster 2 Cluster 1 Cluster 2 Cluster 1 Cluster 2

Nymph I 3.44 ± 0.149 a 3.20 ± 0.134 a 1.90 ± 0.077 a 2.02 ± 0.053 a 1.60 ± 0.076a 1.61 ± 0.106 a

Nymph II 2.94 ± 0.145 a 3.20 ± 0.212 a 1.29 ± 0.071 a 1.18 ± 0.063 a 1.43 ± 0.099 a 1.85 ± 0.209 a

Nymph III 2.94 ± 0.116 a 2.74 ± 0.127 a 1.12 ± 0.047 a 1.12 ± 0.056 a 1.75 ± 0.200 a 2.26 ± 0.207 a

Nymph IV 2.96 ± 0.099 a 3.06 ± 0.184 a 1.15 ± 0.051 a 1.23 ± 0.068 a 2.31 ± 0.266 a 3.33 ± 0.543 a

Total nymph 12.28 ± 0.140 a 12.20 ± 0.190 a 5.46 ± 0.111 a 5.54 ± 0.107 a 6.28 ± 0.332 b 7.58 ± 0.396 a

Adult longevity 37.30 ± 2.409 a 24.46 ± 1.862 b 17.79 ± 0.877 a 17.42 ± 1.046 a 2.31 ± 0.344 a 2.67 ± 1.388 a
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Table 2-3. Survival rate (%, mean ± SEM) of two different genetic clusters of A. gossypii at different temperatures.

14.7℃ 25.3℃ 34.9℃

Cluster 1 Cluster 2 Cluster 1 Cluster 2 Cluster 1 Cluster 2

Nymph I 100a 100a 100a 100a 100a 98.0a

Nymph II 100a 100a 98.0a 98.0a 98.0a 85.7a

Nymph III 100a 100a 100a 100a 73.5a 64.3a

Nymph IV 100a 100a 98.0a 98.0a 44.4a 22.2a

Total nymph 100a 100a 96.0a 96.0a 32.0a 12.0b
Means followed by the same letters in each row within each temperature are not significantly different (paired bootstrap test at 5% significance level).
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Table 2-4. Pre-reproduction, reproduction and post-reproduction periods, and fecundity (mean ± SEM) of two 

different genetic clusters of A. gossypii at different temperatures.

Means followed by the same letters in each row within each temperature are not significantly different (paired bootstrap test at 5% significance level).

14.7℃ 25.3℃

Cluster 1 Cluster 2 Cluster 1 Cluster 2

Pre-reproduction period 0.90 ± 0.077 b 1.44 ± 0.128 a 0.19 ± 0.057 b 0.38 ± 0.071 a

Reproduction period 20.20 ± 0.783 a 18.64 ± 0.973 a 10.31 ± 0.402 a 10.50 ± 0.375 a

Post-reproduction period 16.20 ± 2.149 a 4.38 ± 1.192 b 7.29 ± 0.754 a 6.54 ± 0.874 a

Fecundity 63.84 ± 2.531 a 62.56 ± 3.101 a 58.40 ± 2.533 a 60.79 ± 2.504 a
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Table 2-5. Estimates (mean ± SEM) of population parameters of two different genetic clusters of A. gossypii.

a R0: Net Reproductive rate; r: Intrinsic rate of increase; λ: Finite rate of increase, T: Mean generation Time.

Means followed by the same letters in each row within each temperature are not significantly different (paired bootstrap test at 5% significance level).

Paired bootstrap test (B = 100,000).

14.7℃ 25.3℃

Cluster 1 Cluster 2 Cluster 1 Cluster 2

R0 (Offspring)a 63.84 ± 2.507 a 62.56 ± 3.068 a 56.06 ± 2.902 a 58.36 ± 2.924 a

r (Day-1) 0.20 ± 0.002 a 0.20 ± 0.002 a 0.42 ± 0.007 a 0.41 ± 0.007 a

λ (Day-1) 1.22 ± 0.003 a 1.22 ± 0.003 a 1.52 ± 0.011 a 1.50 ± 0.010 a

T (Day) 21.03 ± 0.158 a 21.07 ± 0.192 a 9.63 ± 0.115 b 10.04 ± 0.091 a
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Figure 2-1. Age-stage specific survival rate (Sxj) of two different genetic clusters of A. gossypii at different 
temperature.

Age (day)

34.9 °C (cluster 2)

Age (day)

34.9 °C (cluster 1)

25.3 °C (cluster 2)

14.7 °C (cluster 2)

25.3 °C (cluster 1)

14.7 °C (cluster 1)
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Age (day)

14.7 °C (cluster 1) 14.7 °C (cluster 2)

25.3 °C (cluster 1) 25.3 °C (cluster 2)

34.9 °C (cluster 1) 34.9 °C (cluster 2)

Age (day)
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Figure 2-2. Age specific survival rate (lx) and fecundity (mx) of two different genetic clusters of A. gossypii at 
different temperatures.

Figure 2-3. Age-stage specific reproductive value (vxj) of two different genetic clusters of A. gossypii at different 
temperatures.

Age (day) Age (day)

14.7 °C (cluster 2)14.7 °C (cluster 1)

25.3 °C (cluster 1) 25.3 °C (cluster 2)
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2-5. Discussion

This study is the first attempt to reveal the fitness in different genetic 

structured populations of A. gossypii in Korea. There was no difference in 

the fitness of two genetic clusters of A. gossypii, although temperature 

effect was evident. 

Temperature is an major factor that exerts influence on the 

performance and fitness of insects (Huey and Kingsolver 1993). A. gossypii

developmental time was significantly faster at temperature 25.3 ℃ than at 

temperature 14.7 ℃ and 34.9 ℃, because insects reared at temperatures 

above the upper threshold develop more slowly than those reared under 

more favorable conditions (Curry et al., 1978; Stinner et al., 1984). These 

results were consistent with previous life table studies. van Steenis and 

ElKhawass (1995) reported that the development time of A. gossypii on the 

cucumber ranged from 4.8 days at 20 ℃ to 3.2 days at 30 ℃. Xia et al. 

(1999) revealed that development time of A. gossypii was fastest at 30 ℃,

and survival to adult and fecundity were greatest at 25 ℃ among multiple 

temperature regimes. 

Interestingly, there was significant difference in pre-reproduction and 

post-reproduction periods between two genetic clusters. At 14.7 °C and 
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25.3 °C, the cluster 1 showed shorter pre-reproduction period than the

cluster 2. The post-reproduction period was 16.20 ± 2.149 days in the

cluster 1 (14.7 °C) and 4.38 ± 1.192 days in the on cluster 2 at 14.7 °C. At 

lower temperature condition, higher proportion of the cluster 1 population 

could occur in greenhouses.

Net fecundity at higher temperatures is greatly reduced in many aphid 

species (Dixon 1998; Aldyhim and Khalil 1993; Hirano et al. 1996; Asante 

et al. 1991). In our experiment, exposing A. gossypii to 25.3 °C caused 

about 11% reduction in net offspring production compared to aphids reared 

at 14.7 °C. Hirano et al. (1996) showed a similar relationship that at 27 °C, 

soybean aphids produced 15% fewer offspring than aphids exposed to 22 °C. 

Total fecundity is reduced by 85% when A. gossypii are exposed to 30 °C

(Aldyhim and Khalil 1993), and in our study, A. gossypii was not able to 

reproduce at 34.9 °C.

Although insects are not subjected to constant temperature in nature, 

controlled laboratory studies can provide a useful insight into the population 

dynamic of A. gossypii. The intrinsic rate of natural increase (r) is the most 

important indicator of the temperature at which the growth of a population 

is most favorable, because it reflects the overall effects of temperature on 

development, and reproduction and survival characteristics of a population

(Birch, 1948). Although there were significant differences among the 
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temperatures in the intrinsic rate of natural increase (r), no difference in the 

r value was found between two genetic clusters of A. gossypii. This result 

indicates that different genetic structured A. gossypii would show similar 

pattern in the population growth.

The rapid turnover of the genetic cluster of A. gossypii in some region

does not appear to be related with the fitness of A. gossypii populations. 

There may be other factors responsible such as founder effect and 

insecticides resistance. In green houses, a few A. gossypii may invade into a 

greenhouse via seedlings from seedling nurseries which might have a 

significant influence on the genetic structure of A. gossypii. Also, if two 

genetic clusters of A. gossypii have different level of insecticide resistance 

or different capacity of resistance development, this might have a significant 

effect on the genetic structure of A. gossypii. Thus, future works should 

elucidate on insecticide resistance level and difference between two genetic 

clusters of A. gossypii in Korea. Further study should focus on the 

relationship between the genetic structure of A. gossypii populations and 

insecticide resistance in addition to explore the presence of founder effect.
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Chapter Ⅲ.

Current status of insecticide resistance in 

pepper greenhouse populations of Aphis 

gossypii (Hemiptera: Aphididae)
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3-1. Abstract

The cotton-melon aphid, Aphis gossypii Glover (Hemiptera: 

Aphididae), is a worldwide polyphagous pest with a wide host range. The 

application of chemical insecticides has long been the most common control 

method. In this study, insecticide resistance of A. gossypii populations in 

Korea was examined for most commonly use of three insecticides for A. 

gossypii, which are imidacloprid (neonicotinoid), acephate 

(organophosphate), and esfenvalerate (pyrethroid). Moreover, attempt was 

made to verify the correlation between genetic structure and susceptibility to 

insecticides of A. gossypii. In bioassay assay, BS_19 and JE_19 populations 

showed resistance to imidacloprid and acephate, and the HS_19 population 

showed resistance to acephate and esfenvalerate, and susceptible lab strain 

population only have resistance to acephate. Mutations were surveyed in 

resistant-related gene, most population were heterozygous resistant for 

R81T (nAChR) and M918L (para), and homozygous resistant on S431F 

(ace-1). Mutation frequency has co-related the results of bioassay. However, 

no relation was found between genetic structure of A. gossypii and its 

resistance mutations on insecticides. 



67

Key words: Aphis gossypii; resistance; insecticides; neonicotinoid; 

organophosphate; pyrethroid



68

3-2. Introduction

The cotton-melon aphid, Aphis gossypii Glover (Hemiptera: 

Aphididae), has a capability to develop resistance to a wide range of 

synthetic chemical insecticides. Imidacloprid (neonicotinoid) is a contact 

and systemic insecticide, which is useful for controlling piercing-sucking 

insects such as aphids. Imidacloprid has been considered as a safe 

insecticide due to its high toxicity to insects and low mammalian toxicity 

(Nagata et al., 1999). Pyrethroids work by altering nerve function, which 

causes paralysis in target insect pests, eventually resulting in death. 

Organophosphate works by damaging an enzyme, which is 

acetylcholinesterase, in the body. This enzyme is critical for controlling 

nerve signals in body. However, since the first chemical failure was reported 

in 1928 with hydrocyanic acid (Boyce, 1928) resistance has expanded to 

other organophosphates (Ghong et al., 1970), carbamates (Khodzhaev et al., 

1985) pyrethroids (Amad et al., 2003), neonicotinoid (Wang et al., 2007), 

which makes A. gossypii difficult to control. 

Molecular diagnostic test are powerful tools for detecting resistant 

individuals rapidly and specifically. Andrews et al. (2004) developed a 

molecular diagnostic test for detecting a mutation in the acetylcholinesterase 

gene that confers pirimicarb resistance to A. gossypii, Toda et al. (2017) 
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developed a molecular diagnostic test for detecting R81T mutation of the 

nicotinic acetylcholine receptor gene which confers neonicotinoid resistance 

in A. gossypii, and Carletto et al. (2010) detected mutation in the 

pyrethroid-resistant gene that confers super-kdr (M819L). Basic 

mechanisms underlying resistance of A. gossypii to insecticides primarily 

include increased metabolic detoxification through elevated 

carboxylesterases and insecticide target-site mutations in structural genes of 

the central nervous system (Delorme et al., 1997). 

There are few studies about insecticide resistance of A. gossypii in 

Korea (Koo et al., 2014; Kim et al., 2014). However, the information of 

insecticide resistance is limited. Therefore, the objective of this study was to 

reveal the insecticide resistance status of A. gossypii populations in Korea

(18 sites from 2016, 14 sites in 2017, 5 sites in 2018, and 3 sites in 2019), 

and the relationship between two different genetic cluster and insecticide 

resistance which might associate with the rapid turnover phenomenon of 

genetic cluster in Korea. In this study, test was made to 3 insecticides 

(imidacloprid, acephate, and esfenvalerate) against two genetic clusters of A. 

gossypii by using the leaf disc bioassay. Point mutations involved in 

target-site resistance to organophosphates (S431F in ace-1), neonicotinoids 

(R81T in nAChR), and pyrethroids (M918L in para) were also investigated
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by molecular assay. Discussion was made about traits of insecticide 

resistance between two genetic clusters of A. gossypii in Korea. 
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3-3. Material methods

3-3-1. Bioassay of A. gossypii

A. gossypii was collected in 2019 in 3 sites (BS, JE, HS) and 

susceptible lab strain (Table 3-1). Also, susceptible lab strain of A. gossypii 

was obtained from the Rural Development Administration (RDA) and 

reared in the laboratory. The BS_19 and susceptible lab strain were cluster 1, 

and the HS_19 and JE_19 were cluster 2. All the population were 

continuously reared on pesticide-free cucumber Cucumis sativus L. (cv. 

Joeun Baegdadagi), in the growth chamber at 26 °C ± 2 °C, 60 ± 5% RH, 

and a photoperiod of 16:8 (L:D) h.

Table 3-1. Sampling information of A. gossypii collected in Korea (2019).

Sampling 
name

Sampling Site Sampling 
Date

Coordinates

BS_19 Busan Metropolitan city, Kyunsagnam-do 2019-06-24 N35°10'18.0",E128°54'55.0"

JE_19 Jeongeupshi, Jeonlabuk-do 2019-05-29 N35°33'42.8",E126°49'03.5"
HS_19 Hongseongguen, Chungcheongnam-do 2019-08-05 N36°30'49.0",E126°42'35.0"
* A. gossypii was collected from field pepper
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3-3-2. Leaf disc bioassay

A cucumber Cucumis sativus L. (cv. Joeun Baegdadagi) leaf disc 

(50mm diameter) was placed on a water-soaked cotton wool pad. The 

following insecticides were tested by spray methods: acephate 

(organophosphate), esfenvalerate (pyrethroid), and imidacloprid 

(neonicotinoid). Technical grade acephate, esfenvalerate, and imidacloprid 

(>99% pure, Sigma-Alorich, Saint Louis, MO, USA) were dissolved in 

acetone for 10,000ppm concentrations and dissolved in distilled water 

mixed with triton (1%) to appropriate concentrations. Five serially diluted 

concentration of each active ingredient were tested. A total of 20 apterous 

adults were transferred onto the leaf discs. The petri dishes were covered 

with a perforated lid with fine mesh to provide ventilation, and Parafilm was 

surrounded on the lid to prevent aphids from escaping. Three batches of 

aphids per test were exposed to each insecticide solutions and the control 

used acetone only. The LC50 values were determined by MedCalc Statistical 

Software version 19.1 (MedCalc Software, Mariakerke, Belgium;

https://www.medcalc.org). All tests were performed at 26 °C ± 2 °C, 60 ± 5%

RH, and a photoperiod of 16:8 (L:D) h. Aphids that failed to move more 

than two legs after 24 h incubation were considered as dead.
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3-3-3. Collection of A. gossypii population for insecticide resistance

A. gossypii was collected in 18 populations from 2016, 14 

populations in 2017, 5 populations in 2018, and 3 populations in 2019

(Table 3-2). Most samples were collected from greenhouse peppers in 

summer season (late May to early August). However, GJ, CJ, YC, and GwJ 

were collected from field peppers in 2017 due to a change of cultivated crop 

or no occurrence of A. gossypii. And one susceptible lab strain from RDA.

3-3-4. DNA extraction

Genomic DNAs for sequencing analysis were extracted from 20 

aphids of each population using a Qiagen Gentra Puregen Tissue Kit 

(Qiagen, MD, USA) according to the manufacturer’s instructions. The 

extracted DNA was stored at -20 °C until use.

3-3-5. PCR amplification and sequencing of PCR products

Detection of the three mutation points S431F(ace-1), 

R81T(nAChR), and M918L (para) was performed by using gene-specific 

primers. In order to detect the mutation S431F, PCR product was amplified 

in a reaction volume of 25µL using premix Accu-Power HF PCR PreMix 

(Bioneer) containing primer AceF (CAAGCCATCATGGAATCAGG) 1.0 
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µL and primer AceR (TCATCACCATGCATCACACC) 1.0 µL, and 

extracted DNA 3.0 µL. Amplification was performed in a thermocycler for 

5 min at 94 °C, followed by 40 cycles of 30 s at 94 °C, 30 s at 53 °C, 45 s at 

72 °C (McLoon and Herron, 2009). To detect the neonicotinoid-resistant 

allele, the gene-specific primers designed to detect R81T mutation. 158 bp 

of PCR product was performed in a reaction volume of 25 µL using premix 

Accu-Power HF PCR PreMix (Bioneer), which containing 10 pmol of each 

primer nAChRF (TGTGTTTTACTTGTTACAGAACG) 1.0 µL and 

nAChRR (CGGATAAGACGTCTAATACG) 1.0 µL for the R81T (nAChr). 

The PCR program consisted of holding of holding at 95 °C for 3 min as a 

preheating step, followed by 34 cycles at 95 °C for 30 s, 50 °C for 30 s, and 

72 °C for 1 min, and finally 72 °C for 5 min for the final extension. In order 

to detect mutation M918L on para, a 606bp PCR product was amplified 

with using premix Accu-Power HF PCR PreMix (Bioneer) containing 

primer Aph.82 (TTCCAAATGGGCTGGAACATCTTTG) 1.0 µL and 

primer Aph10 (GTTACCGATGACAACAGATG) 1.0 µL for the para

(Vanlerberghe-Masutti F, unpublished data), and extracted DNA 3.0 µL 

(total 25 µL volume). Amplification was performed in a thermocycler for 5 

min at 95 °C, followed by 40 cycles of 1 min at 95 °C, 1 min at 56 °C, 1 

min at 72 °C and a final step of 7 min at 72 °C. After the amplification, PCR 
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products were directly sequenced by BIONICS Co. (Seoul, South Korea; 

http://bionicsro.co.kr/) by using ABI 3730xl DNA analyzer (ABI, USA).

3-3-6. Resistance mutation

The sequencing data of resistance mutation were analyzed with 

Chromas version 2.6.6 (https://technelysium.com.au/wp/chromas/) to verify 

the mutation point and level of susceptibility and resistance. The

phylogenetic tree was generated by neighbor joining based on 500 bootstrap 

replicates and reconstructed with MEGA7 software 

(www.megasoftware.net)
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Table 3-2. Sampling information of A. gossypii collected in Korea (2016, 

2017, 2018, and 2019).

Sampling 
name

Sampling Site Sampling 
Date

Coordinates

JiJ Jinjushi, Kyunsagnam-do 2016-05-25
2017-06-07

N35°13'51.0",E128°08'12.0"

BS Busan Metropolitan city, 
Kyunsagnam-do

2016-05-26
2017-06-08
2018-07-11
2019-06-24

N35°10'18.0",E128°54'55.0"

KH Kimhaeshi, Kyungsangnam-do 2016-05-26 N35°20'14.0",E128°46'38.0"
MY Milyangshi, Kyunsagnam-do 2016-05-27

2017-06-08
N35°26'56.0",E128°48'29.0"

JE Jeongeupshi, Jeonlabuk-do 2016-06-01
2017-06-20
2018-07-11
2019-05-29

N35°33'42.8",E126°49'03.5"

IS Iksanshi, Jeonlabuk-do 2016-06-03
2017-06-20

N36°08'21.0",E126°58'59.0"

BoS Boseonggeun, Jeonlanam-do 2016-06-02 N34°53'23.0",E127°09'44.0"
GwJ Gwangju Metropolitan city, 

Jeonlanam-do
2016-06-02
2017-06-02
*

N35°03'45.0",E126°49'20.0"
N35°03'45.7",E126°49'49.4"

AD Andongshi, Kyungsangbuk-do 2016-06-09
2017-06-20

N36°37'57.0",E128°46'52.0"

YC Yecheonguen, Kyungsanbuk-do 2016-06-09
2017-06-27
*

N36°37'15.0",E128°22'39.0"
N36°37'14.9",E128°22'39.2"

DJ Dangjinshi, Chungcheongnam-do 2016-06-29 N36°49'10.0",E126°38'29.0"
HS Hongseongguen, Chungcheongnam-do 2016-06-29

2017-06-26
2018-07-13
2019-08-05

N36°30'49.0",E126°42'35.0"

CY Cheongyangguen, Chungcheongnam-do 2017-06-21 N36°28'59.0",E126°51'02.0"
GJ Gongjushi, Chungcheongnam-do 2016-06-30

2017-06-21
*

N36°29'45.0",E126°56'32.0"
N36°29'45.0",E126°56'32.1"

CJu Cheongju, Chungcheongbuk-do 2016-06-30
2017-06-26
2018-07-12

N36°35'34.0",E127°25'41.0"

GS Goesangeun, Chungchceongbuk-do 2016-07-01 N36°51'28.0",E127°45'21.0"
CJ Chungju, Chungcheongbuk-do 2016-07-01

2017-06-19
*

N36°59'58.0",E127°43'32.0"
N36°59'58.0",E127°43'32.1”

PT Pyeongtaekshi, Gyeonggi-do 2016-08-05 N37°07'23.0",E127°03'55.0"
JJ Jejushi, Jejudo

Seogwiposhi, Jejudo
2016-04-25
2017-06-26
2018-10-10

N33°28'59.8",E126°23'05.7"
N33°16'03.0",E126°15'47.6"
N33°16'03.0",E126°15'47.6"
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* A. gossypii was collected from field pepper

3-4. Results

3-4-1. Resistance to insecticide

Population BS_19 and JE_19 showed significant resistant to 

imidacloprid (neonicotinoid), particularly BS_19 (97.88 ppm) population 

showed highest LC50 in the results. HS_19 (2.86 ppm) and susceptible lab 

strain (1.55 ppm) indicated low level of LC50 which may have no resistance 

to the imidacloprid. These four populations also showed resistance to 

acephate (organophosphate), and all the populations revealed high LC50 on 

this insecticide. HS_19 (62.83 ppm) population indicated high level of LC50

on esfenvalerate (pyrethroid), and low level of LC50 showed in susceptible 

lab strain (0.44 ppm). Therefore, BS_19 and JE_19 populations have 

resistance to imidacloprid and acephate, HS_19 population have resistance 

to acephate and esfenvalerate, and susceptible lab strain only have resistance 

to acephate (Table 3-3). As a results, there were no correlation between 

genetic structure and susceptibility to insecticides of A. gossypii.

3-4-2. Resistance to mutation

All the 20 aphids from each population site analysis displayed 

different point mutations. In Table 3-2, darker color represents high level of 
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ratio of resistance gene (close to 1) and lighter color represent susceptible 

gene (close to 0). Most of populations showed ratio 0.67 in resistance allele 

of the R81T mutation on the neonicotinoids, and full susceptibility allele

showed in HS_16, CJ_16, GwJ_16, CJ_17, JJ_17, HS_18, JJ_18, HS_19, 

and susceptible lab strain. Similar results showed as bioassay assay that 

HS_19 and susceptible lab strain revealed low level of resistance to the 

imidacloprid. None of populations showed ratio 1 in susceptible allele at 

S431F mutation on the ace-1, however, most of population showed ratio 1 

in resistance allele on the ace-1. Only JJ_17, JJ_18, HS_19, and susceptible 

lab strain revealed resistance and susceptible alleles for the ace-1. Most of 

population revealed respectively 5:5 ratio in resistance and susceptible allele

for the M918L on the para. Only IS_16 showed ratio 1 in susceptible allele, 

and JJ_18 revealed ratio 1 in resistance allele (Table 3-4). We indicated the 

level of resistance mutation (percentage, %) in pie graph (Figs. 3-1~3). In 

Fig. 3-1, higher level of nAChR resistance gene revealed in 2017 compare 

to 2016. Most of population showed high level of ace-1 resistance gene (Fig.

3-2), and most of populations indicated similar level of M918L in Korea 

(Fig. 3-3). All the resistance mutation results was related to the bioassay 

results, although, there were no relation between genetic structure and 

resistance mutations on insecticides. The neighbor-joining tree constructed

using nucleotide sequence (about 1.2kb) which were combined with three 
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resistance mutation point sequences of S431F(ace-1), R81T(nAChR), and 

M918L (para), and two group showed in the neighbor-joining tree. Major 

group were marked in blue and the other group within variation were 

marked in purple (Fig. 3-4). Based on the phylogenetic tree, there were no 

relation between genetic structure and the group of neighbor-joining tree. 
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Table 3-3. Dose response of A. gossypii populations to three insecticides (Imidacloprid, Acephate, and Esfenvalerate): 

LC50 and resistance factor (RF= LC50 of the tested population / LC50 of the indoor population).

Insecticide Sampling site Cluster n Slope±SE LC50(µg AI ML-1) ppm CI (95%) P RF

Imidacloprid

BS_19 1 60 2.45±0.38 97.9 67.18 – 128.57 0.032 63.2

JE_19 2 60 0.45±0.08 54.2 35.21 – 84.62 0.001 35.0

HS_19 2 60 3.23±0.72 2.9 0.22 – 7.12 0.006 1.9

susceptible lab strain 1 60 4.44±1.36 1.6 0.898 – 2.20 0.031 -

Acephate

BS_19 1 60 0.07±0.03 154.7 100.34 - 209.11 0.077 1.8

JE_19 2 60 0.05±0.03 162.9 81.09 – 244.74 0.199 1.9

HS_19 2 60 0.08±0.02 192.1 55.62 – 1222.83 0.169 2.2

susceptible lab strain 1 60 0.08±0.02 86.2 57.15 – 115.15 0.011 -

Esfenvalerate

BS_19 1 60 2.45±0.38 8.7 5.59 - 12.20 0.001 19.7

JE_19 2 60 0.96±0.31 9.4 6.12 – 12.63 0.038 21.3

HS_19 2 60 0.25±0.06 62.8 52.05 - 73.60 0.008 142.8

susceptible lab strain 1 60 38.87±8.73 0.4 0.15-0.96 0.007 -
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Table 3-4. Sequence detection of mutations on nAChR, ace-1, and para in A. 

gossypii populations. 

Gene/mutation
nAChR 

(Neonicotinoid)
ace-1

(Organophosphate)
Para

(pyrethroid)
Population ID Cluster R81T (ratio) S431F M918L
PT_16 2 0.67 1.00 0.53 
DJ_16 2 0.67 1.00 0.51 
HS_16 2 0.00 1.00 0.51 
GJ_16 1 0.33 1.00 0.52 
CJu_16 2 0.33 1.00 0.51 
GS_16 1 0.07 1.00 0.43 
CJ_16 1 0.00 1.00 0.46 
YC_16 2 0.67 1.00 0.53 
AD_16 1 0.00 1.00 0.51 
MY_16 2 0.67 1.00 0.52 
JiJ_16 2 0.68 1.00 0.52 
KH_16 2 0.65 1.00 0.53 
BS_16 2 0.00 1.00 0.41 
IS_16 1 0.16 1.00 0.00 
JE_16 2 0.68 1.00 0.52 
GwJ_16 1 0.00 1.00 0.52 
BoS_16 2 0.68 1.00 0.53 
JJ_16 1 0.67 1.00 0.54 
HS_17 1 0.00 1.00 0.53 
CY_17 1 0.67 1.00 0.53 
GJ_17 * 1 0.67 1.00 0.53 
CJu_17 2 0.67 1.00 0.52 
CJ_17 * 1 0.00 1.00 0.52 
YC_17 * 2 0.64 1.00 0.64 
AD_17 2 0.67 1.00 0.52 
MY_17 1 0.52 1.00 0.52 
BS_17 1 0.66 1.00 0.52 
JiJ_17 1 0.65 1.00 0.39 
IS_17 1 0.67 1.00 0.52 
JE_17 2 0.65 1.00 0.51 
GwJ_17 * 2 0.67 1.00 0.44 
JJ_17 1 0.00 0.49 0.89 
HS_18 2 0.00 1.00 0.57 
CJu_18 1 0.66 1.00 0.53 
BS_18 1 0.67 1.00 0.52 
JE_18 2 0.66 1.00 0.52 
JJ_18 1 0.00 0.57 1.00 
HS19 2 0.00 0.27 0.52 
BS_19 1 0.67 1.00 0.52 
JE19 2 0.63 1.00 0.35 
susceptible lab 
strain

1
0.00 0.59 0.34 

a Resistance ratio was calculated by formula a/ (a+b) and peak was read by ; resistance peak (a) and 
susceptible peak (b)
* Samples were collected from field pepper
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Figure 3-1. Pie graphs revealing the results from resistance mutation genes 

of neonicotinoid (  = susceptibility,  = resistance). Populations are 

collected in 2016, 2017, 2018, and 2019. The population identifiers (IDs) 

are indicated in pie graphs (* = samples collected from field pepper), and 

the % represents the portion of resistance.
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Figure 3-2. Pie graphs revealing the results from resistance mutation genes 

of organophosphate (  = susceptibility,  = resistance). Populations are 

collected in 2016, 2017, 2018, and 2019. The population identifiers (IDs) 

are indicated in pie graphs (* = samples collected from field pepper), and 

the % represents the portion of resistance.
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Figure 3-3. Pie graphs revealing the results from resistance mutation genes 

of pyrethroid (   = susceptibility,    = resistance). Populations are 

collected  in 2016, 2017, 2018, and 2019. The population identifiers (IDs) 

are indicated in pie graphs (* = samples collected from field pepper), and 

the % represents the portion of resistance.
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Figure 3-4. Phylogenetic analysis in combined resistance mutation 

sequences of S431F (ace-1), R81T (nAChR), and M918L (para) of A. 

gossypii populations in Korea. The phylogenetic tree constructed by the 

neighbor-joining method (MEGA7).
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3-5. Discussion

In this study, the insecticide resistance traits of populations in Korea 

were investigated. In the bioassay assay, BS_19 and JE_19 populations

showed resistance to imidacloprid and acephate. The HS_19 population

showed resistance to acephate and esfenvalerate, and susceptible lab strain 

only had resistance to acephate. All the resistance mutation results were

correlated to bioassay, but, there was no relation between genetic structures

and resistance mutations on insecticides

Imidacloprid is one of the insecticides which block acetylcholine 

receptors in the synapsis area (Fossen, 2006). HS_19 (LC50=2.86) and 

susceptible lab strain (LC50=1.55) showed susceptibility to imidacloprid 

(neonicotinoid) and BS_19 (LC50=97.88) indicated most resistance to 

imidacloprid compare to other populations in bioassay. Higher level 

revealed in LC50 of imidacloprid bioassay assay in this study (ranged from 

1.55 to 97.88) compare to previous study (ranged from 0.014 to 21.6) (Koo 

et al., 2014). Similar results showed in resistance mutations on R81T 

(nAChR). Homozygous for susceptible alleles revealed in several 

populations (HS_16, CJ_ 16, CJ_17, JJ_17, HS_18, JJ_18, HS_19, and 

susceptible lab strain), however, no homozygous for resistant alleles verified 

in Korea populations. 
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All tested populations were significantly resistant to the acephate

(organophosphate). All the populations revealed high level of LC50 dose in 

bioassay assay, and related results revealed in Chang et al. (1998) which 

high level of LC50 dose showed in acephate compare to other insecticides 

(carbosulfan, imidacloprid, and thiamethoxam). Similar results revealed in 

resistance mutation assay, that most populations showed high level (ratio 1) 

in resistant allele. This resistance was likely associated with point mutation 

S431F in the gene encoding for acetylcholinesterase (AChE, ace—1), 

usually associated with resistance to pirimicarb (Moores et al., 1996). 

Higher AChE activity was found in the OP (organophosphate)-resistant 

strain of Schizaphis graminum (Rondani), which was the result of 

over-expression of AChE (Zhu and Gao, 1999; Gao and Zhu, 2002). 

AChE’s increased activity and reduced sensitivity in OP-resistance strains 

have also have been reported in Aonidiella aurantia (Maskell), Dorsophila 

meldanogaster Meigen,and Liposcelis bostrychophila Badonnel (Levitin 

and Cohen, 1998; Fournier et al., 1999; Chai et al., 2007).

In the bioassay assay, the HS_19 population showed as the most 

resistance to esfenvalerate compare to other populations. Esfenvalerate was 

highly toxic to the BS_19, JE_19, and susceptible lab strain populations

with significantly lower LC50 values. Only IS_16 population showed full 

susceptibility alleles and JJ_18 showed full resistant alleles in resistance 
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mutation assay. Interestingly, most of populations showed 5:5 ratio of

resistance and susceptible alleles in resistance mutation assay, even though 

low level of LC50 values revealed in bioassay assay. Therefore, A. gossypii 

might have resistant to other affliation of pyrethroid.

In the phylogenetic analysis of three resistance mutation point (ace-1, 

nAChr, and para), two group section (major group- blue, within variation-

purple) revealed in A. gossypii populations in Korea. Diverse nursery routes 

and inflow from outside might showed various difference in mutation 

sequence (purple section). Especially JJ17 and JJ18 populations (JeJu is an 

isolated area and growers raise seedlings by themselves) revealed as related 

group which have limited nursery routes. Though, phylogenetic tree

revealed that there were no relation between genetic structure and the group 

of resistance mutation sequence. 

The rapid turnover phenomenon of genetic structures in A. 

gossypii populations some regions in Korea may not related with its 

insecticide resistance and the founder effect appeared to be responsible. A

few new immigrants that succeed in dispersing into a greenhouse after 

insecticide treatment for control or the populations in areas with high human 

activities and diverse nursery routes may show accelerated genetic cluster 

changes compared to populations in isolated areas with limited nursery 
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routes (Park et al., 2019). Thus, future works should elucidate on founder 

effect in the greenhouse.
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목화진딧물 (노린재목: 진딧물과)의 유전적 구조와

적합도 및 살충제 저항성과의 관계

서울대학교 대학원

농생명공학부 곤충학전공

남화연

초록

목화진딧물 (Aphis gossypii Glover)(Hemiptera: 

Aphididae)은 세계적으로 분포하는 광식성 해충이며, 한국에서

박과 (멜론, 오이, 수박, 호박), 아욱과 (목화, 무궁화), 가지과

(고추, 토마토, 가지), 운향과(감귤, 과수)등에 피해를 일으키는

주요해충이다. 흡즙을 통해 식물체의 위축과 식물의 생장을

저해하며, 감로를 배출함에 따라 그을음병을 유발하여 작물의

수량과 상품성에 큰 영향을 미치는 주요 해충이다. 이에 이

연구는 (1) 초위성체 마커를 활용하여 국내에 서식하는
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목화진딧물의 유전적 구조와 다양성을 확인하고, (2) 다른 유전적

구조를 가진 목화진딧물의 적합도 (온도에 따른 발육, 생존율,

산란율, 내적자연증가율)를 확인하고, (3) 목화진딧물의 약제

저항성 발달 수준, 그리고 유전적 구조와 저항성의 관계를

확인하였다.

이번 연구에는 8 개의 초위성체 마커를 활용하여 한국에

37 지역의 (2016 년 18 개 지역, 2017 년 14 지역, 2018 년 5 지역) 

고추 기주에서 서식하는 목화진딧물의 유전적 구조와 다양성을

확인하였다. 그 결과, 목화진딧물의 유전적 다양성의 값은

평균적으로 낮거나 중간정도 였으며, 이형접합도의 기대치

(expected heterozygosity, HE) 값은 0.354에서 0.719로 나타났다.

지리적 거리와 유전적 거리와의 상관관계 (Isolation by distance, 

IBD) 분석에서는 지리적 거리와 유전적 거리 간에는 유의미한

상관관계가 없었으며 (r2 = 0.0004, p = 0.370), 한국에 서식하는

목화진딧물의 유전자 흐름이 높은 특성을 가지고 있다는 것을

추측할 수 있다. 유전적 구조 는 2 개의 클러스터 값이 나왔다 (K

= 2). 하지만, 2016 년과 2017 년도에 동일한 지역에서 채집한

진딧물의 유전적 구조가 정반대로 나타나는 결과가 나왔으며,
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이처럼 단기간에 유전적 구조가 반대로 바뀌는 현상은 약제

사용에 대한 저항성, 완전생활형과 불완전생활형의 생식방법, 

서로 다른 목화진딧물의 두 개의 유전적 구조간 적합도의 차이

등에 밀접한 연관성이 있을 것으로 생각된다.

더 나아가, 두개의 유전적 구조 (구조 1, 2)를 가진

목화진딧물의 적합도(온도에 따른 발육, 생존율, 산란율,

내적자연증가율)를 3개의 온도 (15, 25, 35 °C)에서 확인하였다.

실제 평균 온도는 14.7, 25.3, 34.9 °C 였다. 목화진딧물은

오이잎에서 실험하였으며 이 결과는 TWOSEX-MSChart 프로그램을

이용하였다. 그 결과 온도에 따른 목화진딧물의 발육, 생존율,

산란율이 다르다는 것을 확인하였지만, 두개의 유전적 구조에

따른 차이는 없었다. 흥미롭게도 15 °C 유전적 구조 1 이 다른

구조에 비해 짧은 산란전단계, 긴 성충 수명, 산란기간, 산란 후

단계를 보였다. 즉, 낮은 온도에서 유전적 구조 1 의 목화진딧물

발생율이 높을 가능성이 있다.

현재 목화진딧물 방제를 위하여 많은 살충제 사용으로

인해 약제에 대한 저항성이 발달하였다. 그러므로 이번

연구에서는 현재 한국에서 많이 사용되고 있는 이미다클로프리드
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(네오니코티노이드계), 아세페이트 (유기인계), 

에스펜발레르에이트 (피레스로이드계)를 활용하여 국내에

서식하는 목화진딧물의 저항성 발달 수준과 저항성에 따른 유전적

유연관계에 대해 연구하였다. 약제 저항성 모니터링에는 2019 년

부산, 정읍, 홍성에 채집한 목화진딧물과 농촌진흥청에서

누대사육한 감수성 목화진딧물 개체를 사용하였다. 부산과 정읍

개체군은 이미다클로프리드와 아세페이트에 대한 저항성을

보였으며, 홍성은 아세페이트와 에스펜발레르에이트에 대한

저항성을 보였다. 감수성 개체는 오직 아세페이트에서만 저항성을

보였다. 더 나아가, 감수성 개체와 40지역에서 (2016년18개 지역,

2017 년 14 지역, 2018 년 5 지역, 2019 년 3 지역) 채집한

목화진딧물의 약제 저항성유전자도 확인하였다. 그 결과, 대부분

개체들이 네오니코티노이드 (R81T)와 피레스로이드 (M918L)

유전자에서 이형집합체 저항성을 보였으며, 유기인계 (S431F)

유전자에서는 동형 접합체 저항성을 보였다. 약제 저항성

모니터링과 저항성 mutation 유전자 실험 결과는 유사하였지만,

각 지역의 유전적 구조와 저항성의 관계는 없었다.
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