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Abstract
Aphis gossypii Glover is cosmopolitan pest aphid, known to be represented by host-associated 
lineages. Although it is widespread in the Pacific Basin, there has been no assessment of this 
species in this region. We examined patterns of morphological variation within and among 
populations collected across hosts and islands using multivariate morphometric analyses. Genetic
variation was determined using microsatellite flanking region sequences and mitochondrial 
cytochrome oxidase subunit 1. This study confirmed the existence of genetically distinct host-
associated lineages. We found that host plant affects morphological expression and therefore 
morphological criteria cannot be used to identify lineages. Comments are provided on the origin 
and maintenance of these host lineages and implications for management of this important pest 
aphid species.
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Introduction

The cotton aphid or melon aphid, Aphis gossypii Glover (Hemiptera: Aphididae) is a complex of 

populations which in aggregate have a cosmopolitan distribution, feeding on over 600 host plants

(Blackman and Eastop 2000, Blackman and Eastop 2006, Ebert and Cartwright 1997). It causes 

economic losses on a wide range of agricultural crops including cotton, cucurbits, potato, okra, 

aubergine, and citrus (Blackman and Eastop 2000). Host damage may occur through direct 

effects of feeding, and this species has been reported to transmit over 50 plant viruses (Blackman

and Eastop 2000). In cool temperate climates, this species occurs primarily as a greenhouse pest, 

but in warmer climates it is a major field pest.  Aphis gossypii is likely palearctic in origin, as it 

appears to be closely related to European aphids that utilize Frangula alnus Mill. as a primary 

host (Thomas 1968, Stroyan 1984). Other similar species occur in east Asia, using Frangula or 

Rhamnus spp. as primary hosts (Lee et al. 2015), including the soybean aphid, Aphis glycines 

Matusmura.

Throughout much of the world, A. gossypii populations are believed to be entirely 

anholocyclic, but Kring (1959) observed holocyclic overwintering of A. gossypii in Connecticut 

on Catalpa bignonioides Walter and Hibiscus syriacus L. while workers in China (Zhang and 

Zhong 1990) demonstrated that A. gossypii exhibited a holocyclic life cycle while overwintering 

on many unrelated host plants. Furthermore, Guldemond et al. (1994) observed that A. gossypii 

raised on Chrysanthemum could be induced to produce sexual offspring. 

Individuals exhibit considerable plasticity in morphology, body color (from pale yellow 

to blackish green) and life history characteristics. Within a given region, populations appear to 

consist of a complex of asexual lineages with many having specific host plant associations 

(Guldemond et al. 1994, Owusu et al. 1996, Vanlerberghe–Masutti and Chavigny 1998, Fuller et

al. 1999, Margaritopoulos et al. 2006, Charaabi et al. 2008, Luo et al. 2016, Wang et al. 2016a). 
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Guldemond et al. (1994) demonstrated that A. gossypii reared on Chrysanthemum in European 

glasshouses would not colonize cucumber, and vice versa, but that both would readily colonize 

cotton.  Najar–Rodríguez et al. (2009) found behavioral differences between lineages on 

Malvaceae and Cucurbitaceae. Agarwala and Ray Choudhuri (2014) demonstrated biological and

morphological differences between collections from wild and cultivated forms of taro 

(Colocasia esculenta (L.) Schott). In cross–rearing experiments in Australia, individuals derived 

from collections on different hosts exhibited morphological convergence when reared on the 

same host plants (Wool and Hales 1996, 1997, Perng 2002). However, Margaritopoulos et al. 

(2006) detected morphometric differences between A. gossypii collected on Asteraceae versus 

those from Malvaceae and Curcurbitaceae regardless of rearing host. 

Subsequent studies have confirmed that there are genetically distinct lineages associated 

with different hosts (Owusu et al. 1996, Vanlerberghe–Masutti and Chavigny 1998, Fuller et al. 

1999, Charaabi et al. 2008, Luo et al. 2016, Wang et al. 2016a). However, variation has been 

previously assessed using fragment–size–based techniques such as microsatellites (Fuller et al. 

1999, Brévault et al. 2008, Carletto et al. 2009, Luo et al. 2016) and restriction fragment length 

polymorphism (Vanlerberghe–Masutti and Chavigny 1998). However, it is difficult to assign 

homology among fragments of similar size in different samples. Sequence–based approaches are 

superior for testing relationships, but it can be challenging to develop loci which give sufficient 

resolution among very closely related populations.

A. gossypii is widespread and likely present in agricultural systems on most Pacific 

islands with regular contact with the rest of the world. A. gossypii in Micronesia has a very wide 

host range (42 plant species on Guam listed by Pike et al. 2000). Attempts to release species of 

Aphidiidae (Hymenoptera) as biological control agents of A. gossypii on Guam and Saipan were 

not successful (Miller et al. 2002). The reasons for the lack of success are unknown, but it is 
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possible that there was a mismatch between parasitoid strains and the aphid strains involved. As 

in other parts of the world, experience based on existing collections suggests that the species in 

the Pacific Basin reproduces entirely asexually, and may be represented by clusters of clonal 

lineages originating from different source populations. However, the degree of genetic and 

morphological variation actually represented in the region is unknown, as is the relationship of 

these populations to those from other parts of the world. 

The studies documented above on variability in A. gossypii have generally been restricted

in geographic extent and range of host plants. This makes it difficult to extrapolate this 

information to the specific climatic conditions, available hosts, and agricultural practices in the 

Pacific Basin. Therefore we have undertaken this study to determine the extent of morphological 

and genetic variation among A. gossypii populations in this particular region. We have developed

sequence-based markers to provide a fine-scale assessment of genetic structure. In order to 

determine if there are any morphological characters useful for identification in the Pacific Basin 

which correspond to any genetically defined lineages detected, we applied multivariate 

morphometric techniques to elucidate differences in morphology. Previous studies have shown 

that morphology in A. gossypii is strongly affected by host plant (Wool and Hales 1996, 1997), 

but that in some circumstances morphological differences among populations of this species can 

be maintained when reared on different hosts (Margaritopoulos et al. 2006). Therefore, in 

addition to the examination of field collections from various host and islands, we conducted host 

transfers in order to examine the degree to which host plant affects morphology under controlled 

conditions among lineages present in the Pacific Basin.

Materials and Methods

Specimens corresponding to the established field identification characters (Blackman and

Eastop 2000) of A. gossypii were collected on various Micronesian islands and Hawaii from host 
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plants in both cultivated and uncultivated habitats by visually surveying and hand collecting 

colonies into 95% ethanol. An attempt was made to sample all common hosts across all islands; 

however, actual sampling was limited by the availability of the host plants and aphid presence on

these plants on the island at the time of sampling. Full collection data for all samples of A. 

gossypii examined is given in Supplemental online material Table S1. The geographic origin and

host plants for 1400 measured specimens are summarized in Table 1. Each sample was split and 

sent to K.S. Pike, Washington State University, Prosser, for slide preparation and specimen 

measurement and to R.G. Foottit, Agriculture and Agri-Food Canada, Ottawa, for molecular 

analysis. 

Morphometric analysis

Adult aphids were mounted on microscope slides in Canada balsam using methods 

summarized by Foottit and Maw (2000). Morphological characters were photographed with a 

Nikon Coolpix 990 digital camera through a Zeiss Axiolab microscope at magnifications of 50 to

400x. Measurements were made using custom image–measuring software developed by D.W. 

Allison (Washington State University, Prosser). Morphological characters that were measured 

are given in Table 2. Each sample was represented by an average of seven individuals, the actual 

number (one to ten) depending on the available number of intact adult specimens mounted in the 

proper orientation.

Redundant characters were identified by constructing a correlation matrix (SAS 

procedure CORR) and selecting one character from sets of highly correlated (r2 > 0.95) 

characters. Characters that were difficult to measure consistently were removed from the 

analysis. Individuals with both 5– and 6–segmented antennae occur in many aphids, including A.

gossypii. Regardless of the number of antennal segments, the penultimate and ultimate flagellar 

articles (i.e. the only segments that bear primary rhinaria) are considered to be segments 5 and 6. 
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Thus A3 of 5-segmented antennae is considered homologous with A3 plus A4 of 6-segmented 

antenna. Analyses which include specimens with both 5– and 6–segmented antennae use the 

constructed character A3_4, representing A3+A4 if both are present, and A3 alone if A4 is 

missing. Characters retained for subsequent analysis are indicated by asterisks in Table 2.

Patterns of total variation were assessed using principal component analysis (PCA) (SAS 

ver. 9.1.3, SAS Institute Inc., Carey, North Carolina, USA, procedure PRINCOMP) on the 

correlation matrix. Effectively, this procedure assesses components of variation among 

specimens by calculating a linear combination of the original character variables that explains 

the maximum amount of total variation, and then iteratively calculates new combinations that 

explain any residual variation (Tabachnick and Fidell 2006). No prior classification of the 

specimens is assumed. Thus, if differences in the distribution of individuals when plotted onto 

the principal components according to classificatory variables are apparent, it is a strong 

indication that some proportion of the total common variation is associated in some way with the

classificatory variable. When such differences were found, canonical discriminant analysis (SAS 

procedure CANDISC), which is similar to PCA, but operates on class means and calculates 

combinations of characters which best separate the groups, was performed. Cluster analysis on 

projected class means from canonical discriminant analysis was performed using SAS procedure 

Cluster (method=ELM).

Host transfer methods –

Five collections were made on the island of Guam from each of three host plants, 

cucumber (Cucumis sativus L.), taro (C. esculenta) and beach naupaka (Scaevola taccada 

(Gaertn.) Roxb.). Ten aphids from each collection were transferred to a single plant of the 

original host and to each of five plants of each of the other two host species. Aphids were reared 

in a growth facility under constant photoperiod (16 h light: 8h dark) and temperature (25.5°C) 
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from May to July 2006. After three generations, mature aphids were removed, slide–mounted, 

measured and analyzed as described above.

Molecular methods

Population-level diversity was assessed using microsatellite flanking region sequences 

(MFR). Locus AP5 was previously used in a study comparing Aphis pomi De Geer and Aphis 

spiraecola Patch (Foottit et al. 2009). Loci Ago53MFLS, Ago59MFRS, Ago126MFLS and 

Ago126MFRS were developed for this study. Existing primers designed by Fuller et al. (1999) 

for polymerase chain reaction (PCR) amplification of microsatellite loci (multiple tandem 

repeats of a short base sequence) in A. gossypii were used as anchor primers to enrich the 

genomic DNA for the desired repeat-containing fragments by initiating unidirectional 

amplification across the microsatellite. This was followed by use of GenomiPhi (GE Healthcare 

Life Sciences, Little Chalfont, Buckinghamshire, UK) to both amplify the products and ensure 

that all products were double stranded. A second PCR reaction was done using the anchor primer

in combination with fully redundant primers (NNNNNNNNNGAATTC and 

NNNNNNNNNCTTAAG) to append ECORI restriction sites to each fragment. The resulting 

products were cloned (TOPO-TA cloning kit, Invitrogen, now part of Thermo Fisher Scientific; 

used according to manufacturer’s recommendations), and a subset of transformed colonies grown

and the released inserts sequenced. Sequences thus obtained which contained the expected 

microsatellite locus provided the basis for developing primers for further rounds of unidirectional

amplification away from the repeat region until microsatellite flanking sequences of sufficient 

length (1000 to 1400 base pairs) were obtained. Primers were then designed from the resulting 

sequences to amplify subregions exhibiting the appropriate degree of intraspecific variation, 

while avoiding areas with high densities of insertions/deletions. In some cases, primer pairs 

targeting the particular fragment of interest were not sufficiently specific. For these regions, 
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more specific primer pairs targeting a larger region were used, with a second round of PCR with 

internal primers to amplify the desired fragment. PCR products were sequenced directly using a 

combination of PCR primers and internal sequencing-only primers. The final primer sets used 

are given in Table 3. During primer development, and also for initial sample analysis, 

sequencing was done using the DYEnamic Sequencing Kit (GE Healthcare Life Sciences) and 

dye-labelled custom primers for both forward and reverse strands, for 30 cycles at an annealing 

temperature of 54°C, with other parameters as specified by the manufacturer. Initially, 

sequencing products were visualized by means of simultaneous bidirectional electrophoresis on a

LI-COR/NEN Global IR2® automated sequencing system (LI-COR Biosciences, Lincoln, 

Nebraska, USA). Subsequent sample sequencing was performed using ABI BigDye v. 3.1 kits 

with an ABI 3130 automated sequencer (Applied Biosystems, Foster City, CA; now part of 

Thermo Fisher Scientific). 

Although the primer sets were designed to avoid most insertions/deletions in the test set, 

heterozygosity for a number of these were present among the overall set of specimens examined 

for this study, resulting in missing loci for some specimens or partial reads for others. For sites 

known to be variable among homozygous specimens, an attempt was made to reconstruct the 

state in heterozygous individuals by subtracting the appropriately phase–shifted sequences 

exhibited by homozygous individuals. If unambiguously assignable, such states were included in 

the analysis. 

The 5’ end of mitochondrial cytochrome oxidase subunit 1 (COI–5P, the ‘DNA 

barcoding’ region; Hebert et al. 2003) was also examined. COI–5P sequences were obtained 

either by submission to the Biodiversity Institute of Ontario (University of Guelph, Ontario, 

Canada) using techniques described by deWaard et al. (2008), or by using the ABI BigDye v. 3.1

kit as above. In addition to specimens from the collections corresponding to the measured 
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specimens, sequences for samples collected outside of the Pacific Basin were included for 

comparison of the degree of variation observed within the region to that exhibited on a broader 

scale.

Patterns of association of genotypes with host groups and geographic region were 

examined by visualizing the observed variation in R (R Core Team 2014) using functions 

haplotype and haploNet of package pegas (version 0.7; Paradis 2010), using Hamming distance 

(i.e. model free, 0/1 value for same/different symbol), with pairwise deletion of missing data. 

Because observed genotypes for nuclear loci were determined from direct sequencing of PCR 

products, the individual single nucleotide polymorphisms (SNPs) and indels are unphased (i.e. 

the association of individual SNP variants to a particular chromosome copy was not possible). 

Thus the matrix of observed genotype states for variable sites was re–coded by concatenating the

site allele states, ordered lexically, to create a pseudo–haplotype sequence (e.g ambiguous 

sequence ARYC would be coded as AAAGCTCC). Indels, including multibase indels, were 

recoded as arbitrary single SNPs (with one to four states depending of the nature of the insert). 

Thus each variant site contributed a value of 0, 1 or 2 to the total pairwise distance between two 

individuals. COI–5P haplotypes were analysed directly. For plotting purposes, alternate linkages 

in the network were suppressed for clarity; this mainly simplifies the depiction of relationships 

among local subgroups of similar genotypes by abstracting a representative non-anastomosing 

branching pattern but does not affect the overall pattern observed. Note that the networks 

presented are illustrations of phenetic similarity and are not intended to represent phylogenetic 

hypotheses.

All sequences are available on GenBank with accession numbers given in Table 3. In 

addition all COI–5P sequences (and associated collection data) are available on the as dataset 
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DS-AGOSSYP Barcode of Life Database at 

http://www.boldsystems.org/index.php/Public_SearchTerms?query=DS-AGOSSYP.

Results

Aphis gossypii was found on various hosts on all islands surveyed (Table 1 and 

Supplemental online material Table S1). Plants in the family Malvaceae were the most 

frequently encountered hosts on the Hawaiian Islands of Kauai, Oahu, Molokai, Maui, and 

Hawaii.  Hosts in the Goodeniaceae predominated on the Mariana Islands of Guam, Saipan, 

Tinian, and Rota followed by hosts in the Asteraceae, while the Cucurbitaceae included the most 

common hosts in the Federated States of Micronesia islands of Kosrae, Pohnpei, and Chuuk.  

Morphometrics– Field samples

Width measurements are subject to mounting distortion due to compression; although 

included in preliminary analyses, exclusion of width measurements (except head width) did not 

affect the results, and all analyses reported here exclude them. Measurements of antennal 

segments 1 and 2 (scape and pedicel) were unreliable or unmeasurable because they were not 

always aligned perpendicular to the optical axis and were excluded. Due to telescoping of 

segments, total body length is also subject to large errors, as well as being redundant in 

multivariate analyses; body length was thus also excluded from all analyses. The maximum 

pairwise correlation among the retained variables was 86%. A minority (about 5% overall; see 

Table 1, last column, for proportion by host family) of specimens has 5–segmented antennae 

(fully developed antennae of adults normally have 6 segments). Distribution by host and 

geographic region of the 1400 specimens measured is given in Table 1. It is apparent that host 

and geographic origin are not independent. These factors are further confounded by a temporal 
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factor and associated transient abiotic conditions: collections were not simultaneous, with some 

areas sampled in different years.

Contributions of each standardized variable for each of the first three component axes of 

PCA on all specimens (omitting antennal segments 3 and 4) are given in Table 4. Component 1 

represents generalized size (loadings distributed more or less evenly across all variables, and all 

positive). Ordination on the first two principal components a posteriori by host family, is given 

in Figure 1; 95% confidence ellipses are also included for each major host group.

Ordination of specimens from the various host plants are not uniformly distributed within

the common distribution; this was especially obvious when comparing specimens from 

Cucurbitacae (mainly cucumber, some melons) with those from Goodeniaceae (S. taccada) and 

Asteraceae (mainly Chromolaena odorata (L.) King and H.E. Robins). These host differences 

are seen mainly along the second component axis which reflects a contrast (opposite signs) 

between the length of the terminal process of antennal segment 6 and hind distitarsus versus the 

rostrum and basal part of antennal segment 6. Geographic differences in specimen ordination 

also are apparent. In part, this is due to the confounding of geography with host due to 

geographic differences in crop diversity. However, within hosts, there are also some geographic 

differences. For example, within the host family Malvaceae (Supplemental online material 

Figure S1), specimens on cotton from Hawaii and Guam are distributed differently, as are 

Hawaiian and Micronesian specimens from Hibiscus. These differences occur primarily along 

the first component, indicating that they are largely due to variation in body size.

Specimens with 5–segmented antenna tend on average to have more negatives scores 

along component 1 than do those with 6–segmented antennae, but fall well within the overall 

distribution of specimens with 6–segmented antennae. Response along the second component is 

similar for the two antennal types. Re–analysis using only specimens with 6–segmented antennae
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(with antennal segments 3 and 4 included in the analysis) gave results very similar to the results 

for all specimens. 

To clarify the interaction of host and geography, class means from a canonical 

discriminant analysis of a subset of specimens representing the main host families and regions 

(i.e. specimens representing hosts and regions containing more than 5% the total number of 

specimens) was subjected to maximum likelihood clustering analysis (Figure 2). Except for 

specimens from Palau, the nearest neighbor for each Cucurbitaceae–associated class was another

with the same host group. Similarly, taro (Araceae) groups, except that from the Majuro Atoll 

(Marshall Islands), formed a subcluster. Specimens on S. taccada from Hawaii fall near those 

from Guam together with Asteraceae, mainly C. odorata from Guam. In contrast, the remaining 

host groups from Hawaii clustered together, rather than with the same host from other regions.

Samples on common hosts from Guam and the Northern Mariana Islands collected from 

years 2003 to 2006 were analyzed separately in order to control for broad geographic and 

temporal effects. Specimens with 6–segmented antennae from all hosts were included (thus 

cotton was excluded since all measured specimens from this host have 5–segmented antennae). 

PCA (Figure 3, Table 5) shows that the distribution of specimens from different hosts differ 

within the joint distribution, although specimens from S. taccada and from Asteraceae (C. 

odorata , Bidens pilosa L., Tridax procumbens L.) seemed to respond similarly. 

Character loadings and ordination of specimens on canonical axes from CDA of the 

Guam collections are given in Table 6 and Figure 4. Although there exist significant differences 

among mean vectors (p < 0.0001), the broad distribution about these means results in extensive 

overlap among clusters and most individuals are not unambiguously assignable to a single class. 

Individuals from S. taccada plus Asteraceae are distinguished from those from okra plus taro 

along axis1 (contrast of length of hind distitarsus and terminal process with the length of the 
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basal antennal segments). Means for individuals on S. taccada and Asteraceae are separated 

along axis 2 (length of base of distal antennal segments, excluding terminal process, contrasted 

to length of rostrum and tibia), although specimens form S. taccada are largely contained within 

the distribution of those from Asteraceae. Individuals from okra, Abelmoschus esculentus (L.) 

Moench, and taro are weakly separated along axis 3. 

Morphometrics – Host transfer experiments

Controls (i.e. individuals reared on the host of origin) from the three hosts continued to 

respond differently after laboratory rearing for three generations (Fig. 5, Table 7). Only cross–

transfers from cucumber to taro and from S. taccada to taro were successful. The frequency of 5–

segmented antennae increased substantially among specimens transferred to taro (Table 8; from 

5% to 77% in transfers to taro from cucumber, and from 12% to 77% from S. taccadaa) and was 

greater than the number among specimens reared continuously on taro (43%). 

Figure 6A projects individuals against of first and second principal components of PCA 

for results of the S. taccada–taro transfer experiment and Figure 6B for the cucumber–taro 

transfer. In both, specimens transferred to a new host are differently distributed within the joint 

distribution from those transferred to new plants of the original host. The distributions are similar

if antennal characters are omitted (not shown) indicating in addition to the obvious change in 

antennal morphology indicated in Table 8, effects on of other body parts occur. In both transfers,

the cross-host individuals tended to be smaller, but the pattern of contrasts for the two transfers is

quite different (Table 9A versus 9B).

As indicated in Figure 7, there are no obvious differences in distribution among samples 

reared on taro, whether originally from taro (controls for the failed taro–cucumber and taro–S. 

taccada experiments) or transferred from another host. CDA of all these specimens from 

successful experiments (including controls) (Figure 8, Table 10) extracted significant differences

13



in means (maximum p <0.0006 of greater pair–wise squared distance between means) among 

specimens from different experimental hosts. However, differences between means of the two 

groups transferred to taro were not significant (p=0.36), suggesting that morphology of 

transferred individuals converged to a common form dependent on rearing host only, rather than 

origin. 

Molecular analysis

Sequences were obtained for at least one locus for 167 individuals. However, because the

failure of primer binding or the presence of indels near both ends of the regions of interest 

rendered many sequences unreadable, only 46 individuals had sequences for all five MFR loci. A

total of 218 variable characters (SNPs and single or multibase indels) were observed across all 

MFR loci. However 79 of were unique to a single individual. Subsequent analysis considers only

the 139 remaining MFR characters. There were 23 variable sites in COI–5P among 168 

individuals.

Genotype networks for all MFR loci combined ( Supplemental online material Figure S2,

limited to 46 individuals due to missing loci) and for a subset of loci (Figure 9) show that 

individuals from a given host group tended to have similar genotypes, regardless of geographic 

origin. Specimens from S. taccada form a discrete group (although this may in part be an artefact

of the limited geographic origin of samples from this host), and most samples from taro clustered

together. Curcurbitaceae are for the most part associated with two genotype clusters, one found 

in the Mariana Islands (both Guam and the Northern Mariana Islands), the other in the Majuro 

Atoll (Marshall Islands), and the Federated States of Micronesia. The general pattern of greater 

correspondence of genotypes to a particular host than to geographic origin, and the geographic 

partitioning of genotypes associated with cucurbits is exhibited to greater or lesser degree by all 

individual AgoMF loci ( Supplemental online material Figures S3 to S6). AP5 ( Supplemental 
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online material Figure S7) is relatively more uniform, with a single dominant genotype 

(excluding specimens from S. taccada) associated with almost all hosts and from almost all 

geographic regions. 

COI is more conservative and the majority of samples from all hosts and all regions 

(including samples from Europe, China, Australia, New Zealand, and North and South America) 

shared a single haplotype, with most variant haplotypes represented by only one or two 

individuals (Supplemental online material Figure S8). However, samples from S. taccada in 

Guam, but excluding a single sample on this host from Hawaii, share two unique base changes. 

In addition, the majority of specimens from taro are associated with a single variant haplotype 

found in six different Pacific Island regions.

Discussion

In common with studies in other parts of the world (Owusu et al. 1996, Vanlerberghe–

Masutti and Chavigny 1998, Fuller et al. 1999, Charaabi et al. 2008, Luo et al. 2016, Wang et al.

2016a), the current study confirms the existence of genetically distinct lineages associated with 

various host groups in the Pacific Basin. Our data also suggests that there is a geographic 

component to genotypes associated with Curcubitaceae, with the predominant genotypes in the 

Marianas Islands (including Guam) differing from those in the Majuro Atoll and the Federated 

States of Micronesia. Wang et al. (2016b) found genotypic differences between A. gossypii 

populations in Western and Eastern China, although their study was based on trapped specimens 

and therefore no information on possible differences in host associations was available. Charaabi

et al. (2008) noted that the same genotypes occur on the same host families in France and 

Tunisia, based on microsatellite profiles. However, there have been no worldwide assessments of

A. gossypii populations and host associations using the same genetic marker set. Thus, it is not 
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known to what extent the host associated lineages observed in the various geographic regions are

the distributed throughout the world, versus more localized parallel adaptations. The presences of

two different Curcubitaceae-associated lineages found in this study suggest that latter occurs at 

least in part.

The role of sexual reproduction in the generation of the various lineages is uncertain. In 

continuously parthenogenetically reproducing diploid populations, we would expect an 

accumulation of heterozygous sites since a given mutation would randomly affect only one copy 

of a gene. This seems to be the case with the samples from S. taccada. However, in other 

lineages, both heterozygotes and homozygotes for various alleles were found (most obvious in 

the case of complex insertion/deletion changes, such as the 14 base deletion in Ago53MFLS), 

implying recombination of the alleles and thus sexual reproduction. In continuously 

parthenogenetic populations, loss of one copy of a chromosome pair (or loss of part of one 

chromosome) can occur, resulting in effective monoploidy for some loci. However, most 

specimens in our data are heterozygous for at least one site on all nuclear loci examined, 

indicating that at least two copies of each are present. It is therefore possible that the various host

lineages had their origin within a sexually reproducing source population at some time in the 

past, as opposed to specialization based on variation arising within parthenogenetic populations. 

Although there have been only sporadic reports of sexual reproduction or of production of sexual

forms (Kring 1959; Inaizumi 1983, Takada 1988, O’Brien et al. 1990, Zhang and Zhong 1990), 

Thomas et al. (2012) suggest that a background level sexual reproduction is normal in France.

The frequent presence of heterozygotes for insertions and deletions causes difficulty 

when data is generated using direct sequencing of PCR products. Sequencing of cloned PCR 

amplicons would provide a more complete set of usable data and the recent advances in Next 
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Generation Sequencing provide another avenue for use of MFR primers to assess genetic 

variation.

Correlation of morphological characteristics with host plant family was found among 

field collected samples, in agreement with previous studies (Margaritopoulos et al. 2006, Wool 

and Hales 1996, 1997). Although lineages are associated with particular host groups, our results, 

in agreement with those of other studies (Carletto et al. 2009, Guldemond et al. 1994), show that 

certain host-associated lineages will accept other hosts in transfer experiments (S. taccada to 

taro, cucumber to taro), while other transfers failed. However, in successful host transfer 

experiments, although specimens reared on the source hosts under controlled conditions 

maintained morphological differences, individuals from different source hosts converged to a 

similar body form when reared on the same host. Because host effects (and possibly other 

environmental conditions) can conceal genetic components of morphological variation, 

knowledge of host plant and morphological characteristics alone are not sufficient to assign 

colonies to a particular lineage.

The presence of host–associated lineages has implications for pest management in the 

Pacific Basin. Assessing the risk to a crop of potential reservoir hosts among surrounding 

vegetation will depend both on the particular plant species and on a consideration of the 

asymmetry in cross-host acceptability of lineages involved, rather the simple presence of plants 

known to be hosts for A. gossypii as a whole. Biological control efforts should consider the plant 

host of the aphid and an assessment of aphid genotype in both the source and destination locality 

in order to provide a better match between the parasitoid and aphid populations. This is 

particularly important if more than one lineage is associated with a host plant of interest. 

Similarly, the genotype of the parasitoid, which has largely been ignored in past biological 
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control studies on aphids, should be considered when matching the natural enemy to the targeted 

aphid species.
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Table 1. Distribution of samples by host family and region (number of specimens/percent of total number of specimens), and 

proportion on each host with 5-segmented (rather than 6-segmented) antennae.

host family

region

Total

with 5–

segmented

antennae

American

Samoa
Hawaii

Mariana

Is.

Marshall

Islands
F.S.M. Palau

Apocynacea

e
– 18/1.3% – – – – 18/1.3% 0

Araceae 19/1.3% 37/2.6% 98/7.1% 39/2.8% 56/4% 51/3.7%
300/21.8

%
7.2%

Asteraceae – 37/2.6% 135/9.8% – 4/0.2% 8/0.5%
184/13.4

%
2.2%

Cucurbitace

ae
17/1.2% 10/0.7% 16/1.1% 30/2.1% 81/5.8% 5/0.3%

159/11.5

%
6.3%

Euphorbiace

ae
– 1/0% – – 3/0.2% – 4/0.2% 75%

Fabaceae – 5/0.3% – – 9/0.6% – 14/1% 0
Goodeniace

ae
– 9/0.6%

232/16.8

%
– – – 241/17.5 0

Malvaceae –
186/13.5

%
58/4.2% – 15/1% –

259/18.8

%
8.0%

Myrtaceae – 9/0.6% – – – – 9/0.6% 0
Orchidaceae – 4/0.2% – – – – 4/0.2% 0
Piperaceae – 8/0.5% – – 11/0.8% – 19/1.3% 0
Poaceae – 8/0.5% – – – 3/0.2% 11/0.8% 0
Polygonace

ae
– – 27/1.9% 27/1.9% 0

Rubiaceae – 17/1.2% – – – – 17/1.2% 0



24

Solanaceae – 10/0.7% 30/2.1% – 3/0.2% – 43/3.1% 15.9%
Sterculiacea

e
– 4/0.2% – – – – 4/0.2% 0

Verbenacea

e
– 10/0.7% – – 9/0.6% 4/0.2% 23/1.6% 0

Zingiberace

ae
– 1/0% – – – – 1/0% 0

unknown 

dicot
– 16/1.1% – – – – 16/1.1% 0

Total 36/2.6%
401/28.6

%

596/42.6

%
69/4.9%

191/13.6

%
88/6.3% 1400 4.9%
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Table 2. Morphological characters measured. Those marked with an asterisk were retained for at 

least one analysis (usage in any given analysis dependant on frequency of missing data in the 

relevant subset). Regardless of the number of antennal segments, the penultimate and ultimate 

flagellar articles are considered to be segments 5 and 6. Thus A4 is considered missing in a 5-

segmented antenna.

Character Description of Character
Bl Body Length, frons to cauda apex 
HW * Head width, across eyes 
A1_2 Combined length of antennal scape and pedicel.
A3*, A4*, A5 * Length of first three flagellar segments
A3_4* Combined length of A3+A4 if both present, length of

A3 if A4 is missing (constructed replacement for A3 

and A4).
A6b* Length of base of distal antennal segment (VI), to 

distal margin of primary rhinarium 
PT Length of processus terminalis of antennal segment

VI 
A3bd Diameter of antennal segment III, at base 
URSL* Length of distal (ultimate) rostral segment 
URSW Width of distal rostral segment, at base 
F3 Length of hind femur 
Tb3 * Length of hind tibia 
dTs3L * Length of distal segment of hind tarsus 
dTs3W Maximal width of distal segment of hind tarsus 
SiphL * Length of siphunculus 
SiphW Width of siphunculus at base 
CdL * Length of cauda, from point in line with basal 

articulation 
CdW Width of cauda, at base 
HdSL Length of longest anterior dorsal seta on head 
A3SL Length of longest seta on antennal segment III 
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Table 3. Polymerase chain reaction (PCR) and sequencing primers used in this study and NCBI GenBank accession numbers for 

sequences of each locus. Primer names marked with an asterisk are microsatellite primers developed by Fuller et al. (1999 Where PCR

1 and PCR 2 reactions are distinguished, the template for the latter is the product of the former; for Ago126MFLS, PCR 1 product is 

the template for PCR 2 for both A and B fragments; for Ago59MFRS, overlapping sequence fragments A and B are both expressed 

from product of PCR 2, and are combined as a single contig for analysis. Expected product sizes include primer sequences. See 

Supplementary Table 1 for association of NCBI accession numbers with individual collections. 

locus reaction PCR
anne

al
temp
(°C)

expecte
d size
(bp)

Primer name Sequence (5’ to 3’) NCBI accession

Ago53MFL
S

PCR 60
 

1400
 

Ago53MFLS
-1F 

TGACGAACGTGGTTAGTCGT MH159685 to MH159716, 
MH187653 to MH159353
 Ago53-1R* GGCATAACGTCCTAGTCACA

Seq 54
 

650
 

Ago53MFLS
-3F

GTCGTCCCCGGAACAAACA

Ago53MFLS
-2R

GTTCCGCTGTCGTAAGGTTGA
G

Ago59MFR
S

PCR 1 59
 

1600
 

Ago59-1F* GCGAGTGGTATTCGCTTAGT  
Ago59MFRS
-2R 

GTTACCCTCGACGATTGCGT

PCR2 57
 

1100
 

Ago59MFRS
-4F

CGTTTCACATAATAATATAAT
ACCCATG

Ago59MFRS
-6R 

CCACACGTCCGGAAAAGTGC

Seq A  
 

450
 

Ago59MFRS
-4f

as above MH159604 to MH159684
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Ago59MFRS
-7r

AAGTAATCGCTTTTGTTTTTC
GCA

Seq B  
 

500
 

Ago59MFRS
-2F

ACGCAGAAAACTTAACGGTC
G

MH159527 to MH159603

Ago59MFRS
-6f

as above

Ago126MF
RS

PCR 1 55
 

500
 

Ago126-1F* GGTACATTCGTGTCGATTT  MH159354 to MH159437
Ago126MFR
S-1R 

TAAACGAAAAAACCACGTAC

PCR 2 50
 

900
 

Ago126FrRS
-2F

TGCAGCAGCTAGGGACCAAC

Ago126MFR
S-5R 

TTTAATGTATAACATATTTTT
CTAAAC

Seq  
 

650
 

Ago126MFR
S-6FA

CTATAAGATGTTATTTTCCGC
CTGTAT

Ago126MFR
S-5R

as above

Ago126MF
LS

PCR 1 55
 

1300
 

Ago126MFL
S-6F

GAAAGTGCGCAGATAATAAT
GAGTAGC

 MH159438 to MH159526

Ago126MFL
S-W1L3 

GGTGGGCTCTAAAGGTTATAT
GTTCTCGG

 

PCR2 B,
seq B

54
 

450
 

Ago126MFL
S-8F

TTTTTACTTAGGCGGCGTATA
C

 

Ago126MFL
S-3R

CGAAAACGCCGGTGAGGAT

PCR2 A,
seq A

58
 

450
 

Ago126MFL
S-2FA

TGCAGCAGCTAGGGACCAAC  

Ago126MFL
S-4R

TCCTTATGTACGACAGTGCAC
ACA

AP5 PCR, 
Seq

52
 

700
 

AP5SR-1F AGCGCGAGAATTTGTTGATTG MH159228 to MH159353 
AP5SR-1R GCGTATAGTCTTAGGCAGGCA

C
COI-5P PCR, Seq 50 709 Lep1F ATTCAACCAATCATAAAGATA  See supplementary Table S1
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  TTGG 
Lep1R TAAACTTCTGGATGTCCAAAA

AATCA
(alternate 
COI-5P)

PCR
 

50
 

746 LCO1490_t1 TGTAAAACGACGGCCAGTGG
TCAACAAATCATAAAGATATT
GG

HCO2198_t1 CAGGAAACAGCTATGACTAA
ACTTCAGGGTGACCAAAAAA
TCA

seq
 

 
 

746 M13F TGTAAAACGACGGCCAGT
M13R CAGGAAACAGCTATGAC
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Table 4. Proportion of variation accounted for by first three components for Principal 

Component Analysis of all field collected individuals of Aphis gossypii, and loadings of 

standardized continuous measurement characters.

1 2 3

68% 10% 6%
A5 0.38 -0.06 0.29

A6b 0.35 -0.22 0.53
PT 0.29 0.74 0.14

URSL 0.32 -0.58 -0.03
Tb3L 0.40 -0.03 -0.02
dTs3L 0.33 0.25 0.18
SiphL 0.38 -0.05 -0.38
CdL 0.36 0.07 -0.66
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Table 5. Loadings on standardized character lengths and proportion of variance explained by first

three components of principal component analysis for Aphis gossypii specimens with 6-

segmented antennae collected on the island of Guam from Araceae (mainly taro), Asteraceae 

(mainly Chromolaena odorata), Goodenianceae (Scaevola taccada) and Malvaceae (mainly 

okra).

1 2 3

% var 66% 9% 6%
A3 0.31 -0.30 -0.41

A4 0.35 -0.19 -0.25

A5 0.36 -0.09 -0.15

A6b 0.32 -0.10 0.03

PT 0.27 0.57 -0.37

URSL 0.27 -0.30 0.53

Tb3L 0.37 -0.05 -0.07

dTs3L 0.26 0.63 0.17

SiphL 0.35 -0.12 0.10

CdL 0.29 0.18 0.54
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Table 6. Standardized character variable coefficients and proportion of variance accounted for by

first three canonical axes for canonical discriminant analysis of Aphis gossypii specimens with 6-

segmented antennae collected on the island of Guam from Araceae (mainly taro), Asteraceae 

(mainly Chromolaena odorata), Goodenianceae (Scaevola taccada) and Malvaceae (mainly 

okra), with host family as class.

1 2 3

77% 17% 5%
A3 -0.12 0.11 0.14

A4 -0.65 0.24 -0.01

A5 -0.80 -0.63 0.51

A6b -0.04 -1.00 0.01

PT 1.35 0.37 0.48

URSL -0.25 0.88 -0.37

Tb3L 0.11 0.89 0.05

dTs3L 0.73 -0.39 -0.42

SiphL 0.10 -0.40 0.62

CdL 0.13 0.34 -0.24
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Table 7. Proportion of variance accounted for, and loadings for first three components for 

principal component analysis of control specimens (specimens reared on orginal host) for three 

host transfers experiments.

 1 2 3

%var 59% 14% 7%

HW 0.34 –0.10 –

0.03

A3_4 0.38 0.05 –

0.10

A5 0.38 0.04 0.01

A6b 0.31 0.01 0.28

PT 0.26 0.53 –

0.37

URSL 0.20 –0.62 0.32

Tb3L 0.36 0.07 –

0.06

dTs3

L

0.19 0.50 0.70

SiphL 0.36 –0.25 0.01

CdL 0.30 –0.13 –

0.42
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Table 8. Number of aphids measured for each treatment and number with number and proportion

having 5–segmented antennae.

Original

host

Experimenta

l host

Tota

l

Numbe

r 5–seg

Prop

5–seg
taro scaevola 0 0

cucumber 0 0
taro 44 19 0.43

scaevola taro 231 177 0.77
cucumber 0 0
scaevola 41 5 0.12

cucumbe

r taro 249 190

0.76

scaevola 0 0
cucumber 75 4 0.05

total experimental 480 367 0.77
control 160 28 0.18
total 640 395 0.62
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Table 9. Proportion of variance accounted for, and loadings for first three components of 

Principal Component Analysis for experimental transfer of Aphis gossypii from Scaevola 

taccada and cucumber to taro, specimens from control and experimental host. 

Scaevola to taro Cucumber to taro

 1 2 3 1 2 3

% var 65% 10% 5% 68% 11% 5%

HW 0.30 –0.03 0.46 0.30 0.27 0.20

A3_4 0.37 –0.06 –0.10 0.36 –0.23 –.02

A5 0.35 –0.00 –0.20 0.35 –0.25 –.08

A6b 0.32 0.16 –0.22 0.30 –0.35 0.45

PT 0.23 0.64 –0.45 0.32 –0.21 –.47

URSL 0.31 –0.36 0.08 0.36 –0.23 –.02

Tb3L 0.36 0.05 –0.08 0.25 0.50 0.55

dTs3L 0.24 0.51 0.69 0.35 –0.02 –.07

SiphL 0.35 –0.30 –0.02 0.23 0.61 –.48

CdL 0.29 –0.28 –.033 0.36 –0.11 –.01
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Table 10. Standardized coefficients on canonical axes for canonical discriminant analysis of 

Aphis gossypii specimens collected on the island of Guam on Scaevola taccada or cucumber, and

reared for three generations on either the original host or on taro, with experimental treatment 

(i.e. collection host/rearing host combination) as the classification variable.

 1 2 3

56% 38% 6%
HW 0.16 -0.25 0.40

A3_4 0.51 0.84 1.39
A5 -0.65 0.11 -0.35

A6b 018 -0.83 -0.65
PT 1.22 0.75 -0.51

URSL -0.32 -0.63 0.46
Tb3L 0.17 -0.05 -0.34
dTs3L 0.31 -0.25 0.28
SiphL -1.86 1.00 -1.08
CdL 0.366 -0.01 0.22
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Figure 1. Ordination of Aphis gossypii specimens on first two components of principal 

component analysis, labeled a posteriori by host family, with 95% confidence ellipses overlaid. 

Specimens for hosts in families other than those listed were included in the analysis but are not 

plotted
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Figure 2. Cluster analysis of class means from canonical discriminant analysis of Aphis gossypii 

specimens using host family × geographic region as the classification variable. Marianas 

includes Guam and Commonwealth of the Northern Mariana Islands.
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Figure 3. Ordination on first two components of principal component analysis of Aphis gossypii 

specimens collected on the island of Guam from four host families, labeled a posteriori with host

family, with 95% confidence ellipses overlaid. 
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Figure 4. Ordination on canonical axes 1 and 2 of canonical discriminant analysis of Aphis 

gossypii specimens collected on the island of Guam from four host families, with host family as 

classification variable, with 95% confidence ellipses overlaid. 
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Figure 5. Ordination on first two components of principal component analysis of specimens of 

Aphis gossypii specimens collected on the island of Guam from three host species and reared on 

the original host for three generations, with 95% confidence ellipses overlaid. 
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Figure 6. Ordination on first two components of principal component analysis for experimental 

transfers of Aphis gossypii to taro, labeled by experimental host, with 95% confidence ellipses 

overlaid. A. transfers to taro from S. taccada; B. transfers to taro from cucumber.
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Figure 7. Ordination on first two components of principal component analysis for specimens of 

Aphis gossypii reared continuously on taro and from experimental S. taccada–to–taro and 

cucumber–to–taro transfers. 
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Figure 8. Ordination on canonical axes 1 and 2 of canonical discriminant analysis of Aphis 

gossypii specimens collected on the island of Guam on S. tacada or cucumber, and reared for 

three generations on either the original host or on taro, with experimental treatment (i.e. 

collection host/rearing host combination) as the classification variable, with 95% confidence 

ellipses overlaid. 
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Figure 9. Genotype network combining three microsatellite flanking region loci (Ago53MFLS, 

Ago59MFRS, Ago126MFLS) for 68 individuals. All individuals have a unique genotype. A. 

Shading represents host family. B. Shading represents geographic region. 
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Supplementary Figures 

Figure S1. Ordination on the first two components for principal components analysis of Aphis 

gossypii specimens collected from Malvaceae in various geographic regions, with specimens 

labeled a posteriori with geographic region/host species combinations, Marianas includes both 

Guam and the Commonwealth of the Northern Mariana Islands.
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Figure S2. Genotype network combining five microsatellite flanking region loci (Ago53MFLS, 

Ago59MFRS, Ago126MFLS, Ago126MFRS, AP5) for 46 individuals of Aphis gossypii. All 

individuals have a unique genotype. A. Color represents host family. B. Color represents 

geographic region.
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Figure S3. Genotype network for microsatellite flanking region locus Ago53MFLS among 

individuals of Aphis gossypii. Diameter of circles is proportional to the number of specimens 

with a given genotype. A. Color represents host family. B. Color represents geographic region.



48

Figure S4. Genotype network for microsatellite flanking region locus Ago59MFRS among 

individuals of Aphis gossypii. Diameter of circles is proportional to the number of specimens 

with a given genotype. A. Color represents host family. B. Color represents geographic region.
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Figure S5. Genotype network for microsatellite flanking region locus Ago126MFLS among 

individuals of Aphis gossypii. Diameter of circles is proportional to the number of specimens 

with a given genotype. A. Color represents host family. B. Color represents geographic region.
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Figure S6. Genotype network for microsatellite flanking region locus Ago126MFRS among 

individuals of Aphis gossypii. Diameter of circles proportional to number of specimens with a 

given genotype. A. Color represents host family. B. Color represents geographic region.
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Figure S7. Genotype network for microsatellite flanking region locus AP5 among individuals of 

Aphis gossypii. Diameter of circles is proportional to the number of specimens with a given 

genotype. A. Color represents host family. B. Color represents geographic region.
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Figure S8. Haplotype network for mitochondrial cytochrome oxidase C 5’ region (DNA 

barcode) for individuals of Aphis gossypii. Diameter of circles is proportional to the number of 

specimens with a given haplotype. A. Color represents host family. B. Color represents 

geographic region.
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Supplementary Table Captions

Table S1. Collecting data for material of Aphis gossypii used for morphometric and 

molecular analyses, including GenBank accession numbers. [not available in Early View]
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	Molecular methods
	Population-level diversity was assessed using microsatellite flanking region sequences (MFR). Locus AP5 was previously used in a study comparing Aphis pomi De Geer and Aphis spiraecola Patch (Foottit et al. 2009). Loci Ago53MFLS, Ago59MFRS, Ago126MFLS and Ago126MFRS were developed for this study. Existing primers designed by Fuller et al. (1999) for polymerase chain reaction (PCR) amplification of microsatellite loci (multiple tandem repeats of a short base sequence) in A. gossypii were used as anchor primers to enrich the genomic DNA for the desired repeat-containing fragments by initiating unidirectional amplification across the microsatellite. This was followed by use of GenomiPhi (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) to both amplify the products and ensure that all products were double stranded. A second PCR reaction was done using the anchor primer in combination with fully redundant primers (NNNNNNNNNGAATTC and NNNNNNNNNCTTAAG) to append ECORI restriction sites to each fragment. The resulting products were cloned (TOPO-TA cloning kit, Invitrogen, now part of Thermo Fisher Scientific; used according to manufacturer’s recommendations), and a subset of transformed colonies grown and the released inserts sequenced. Sequences thus obtained which contained the expected microsatellite locus provided the basis for developing primers for further rounds of unidirectional amplification away from the repeat region until microsatellite flanking sequences of sufficient length (1000 to 1400 base pairs) were obtained. Primers were then designed from the resulting sequences to amplify subregions exhibiting the appropriate degree of intraspecific variation, while avoiding areas with high densities of insertions/deletions. In some cases, primer pairs targeting the particular fragment of interest were not sufficiently specific. For these regions, more specific primer pairs targeting a larger region were used, with a second round of PCR with internal primers to amplify the desired fragment. PCR products were sequenced directly using a combination of PCR primers and internal sequencing-only primers. The final primer sets used are given in Table 3. During primer development, and also for initial sample analysis, sequencing was done using the DYEnamic Sequencing Kit (GE Healthcare Life Sciences) and dye-labelled custom primers for both forward and reverse strands, for 30 cycles at an annealing temperature of 54°C, with other parameters as specified by the manufacturer. Initially, sequencing products were visualized by means of simultaneous bidirectional electrophoresis on a LI-COR/NEN Global IR2® automated sequencing system (LI-COR Biosciences, Lincoln, Nebraska, USA). Subsequent sample sequencing was performed using ABI BigDye v. 3.1 kits with an ABI 3130 automated sequencer (Applied Biosystems, Foster City, CA; now part of Thermo Fisher Scientific).
	Morphometrics– Field samples
	Morphometrics – Host transfer experiments
	Acknowledgements
	Literature Cited

