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Plant domestication, introduction of non-native crop plants and insect invasion to 

new habitats has greatly shaped the evolutionary history of many phytophagous insect 

species by providing new niches to explore.1

1Kim and McPheron 1993



Plant domestication provides new niches as this process involves tradeoffs among 

human-desired characteristics and plant defenses1,2 - aka the domestication 

syndrome3,4


Breeding may facilitate insect adaptation

1Chen et al. 2015; 2Mitchell et al. 2016; 3Hammer 1984; 4Gross and Olsen 2010

The western corn rootworm - Diabrotica virgifera virgifera
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Figure 1
Reconstruction of western corn rootworm, Diabrotica virgifera virgifera LeConte, range expansion from central Great Plains across North
America from 1867 to 2005, based on data or reports in the literature (25, 39, 48, 49, 64, 67, 68, 69, 70, 110, 115, 116, 123). Distribution
boundaries are approximate and do not include distributions in areas to the west of the indicated expansion boundaries (see References
48, 114 for western distributions). Triangles mark reports of D. v. virgifera far ahead of the established distribution in the years indicated.

the cause. By 2007, western corn rootworms
were reported (44) in 20 European countries
(Figure 2), with the most significant number
of infested hectares in Hungary (93,000 km2),
Serbia and Montenegro (73,000 km2), and
Romania (65,000 km2). Miller et al. (72) de-
termined that at least three independent incur-
sions by the western corn rootworm across the
Atlantic Ocean, rather than a single invasion,
are responsible for the current European dis-
tribution of this insect pest.

The implication that independent intro-
ductions of western corn rootworm into Eu-
rope are an ongoing problem increases the
likelihood that a variant (60) of this species,
capable of overcoming the pest management
benefits of crop rotation, may eventually be in-
troduced (106). Presently, the rotation of maize

with a nonhost crop is the primary pest manage-
ment option for producers throughout Europe
(45). If the variant western corn rootworm is
discovered in Europe, maize producers most
likely will resort initially to seed treatments,
followed by soil insecticides and perhaps trans-
genic maize. The adaptation to crop rotation
by the western corn rootworm is a remarkable
example of rapid response to natural selection
within the agricultural landscape within slightly
less than two decades.

ADAPTATION TO
CROP ROTATION
Injury to roots of rotated maize has been de-
scribed (28) previously for western and north-
ern corn rootworms (Diabrotica barberi Smith
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Original range expanded with 

maize domestication in Mexico

Later with the intense 

maize cropping in the US



The apple maggot - Rhagoletis pomonella

The introduction of domesticated plants to novel areas provides new niches, leading to 
adaptation, host shifting and subsequent host-associated di!erentiation (HAD) by native 

insects. 

Shifted from its original host-plant: hawthorn (Crataegus spp. mollis) 
 160 years ago - introduction of apple (Malus domestica)



Sugarcane borer Diatraea saccharalis

Economically damages on:



Delta del Orinoco 

Center of Origin: South/Central America

Original Host-plant: 
Aquatic and semi-aquatic

Delta of Orinoco river 
Venezuela flat lands, 

Lakes of great Antilles

Widespread South America 
following European colonization

Domestication / spread of maize 

Introduction of sugarcane

North - South America



Sugarcane in Brazil

Todays distributionUntil 1700 1800 1930
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Maize in Brazil - before 1990
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1st season 
2nd season 

Winter 

Corn-Growing Seasons in Brazil 

| 7.9 million ha 
| 5.9 million ha 

Cotton 
 | 1,4 million ha 

Source: Conab / IBGE (2011) 

Soybean 
| 24.2 million ha 

Maize in Brazil - after 1990



108 Conab | ACOMPANHAMENTO DA SAFRA BRASILEIRA DE GRÃOS | Décimo  Segundo  levantamento - Setembro 2016

Acomp. safra bras. grãos, v. 3 - Safra 2015/16, n 12- Décimo  Segundo levantamento, setembro 2016.

Fonte: Conab/IBGE.

Figura 24 – Mapa da produção agrícola – Milho primeira safra

111Conab | ACOMPANHAMENTO DA SAFRA BRASILEIRA DE GRÃOS | Décimo  Segundo levantamento - setembro 2016

Acomp. safra bras. grãos, v. 3 - Safra 2015/16, n. 12 -Décimo Segundo levantamento, setembro 2016.

Figura 25 – Mapa da produção agrícola – Milho segunda safra

Fonte: Conab/IBGE.

Figura 26 – Condição hídrica geral em agosto para o cultivo nos principais estados produtores do Brasil 
- Safra 2015/2016

Fonte: Conab.

Maize in Brazil - after 1990

1st season 2nd season
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Changes in Brazilian agriculture likely impacted insect pest evolutionary genetics; 
however, this is not completely understood. 


We posit that the evolution of sugarcane borer is associated with the changes in 
the Brazilian landscape from historical and modern agricultural activity 

We hypothesized that the modification of large areas of sugarcane during 
Portuguese colonization facilitated a host shift to sugarcane, whereas more 

recent agricultural expansion of maize and sugarcane production have provided 
sufficient evolutionary pressure leading to population structure and HAD  
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10 Microsatellite markers1

1Pavinato et al. 2013



decline. Past and/or recent demographic events leave a
genome-wide signal consistent with a majority of loci
departing from the null model. We considered a signal of
population size changes significant if more than one muta-
tion model had significant p-values.

Results

Intra-population summary statistics

The calculation of intra-population summary statistics
allowed us to estimate the genetic diversity of each sugar-
cane borer population and, for the first time, determine the
broad scale genetic variability of this species in Brazil. All
populations showed low genetic variability, as measured by
the average number of alleles (Table 1). Two populations
showed significant values of mean inbreeding coefficient,
but the majority of populations were in H–W proportion.
The Fisher’s exact test for H–W proportion, in combination
with null allele estimation for each loci/population, allowed
us to determine if all loci were suitable for the subsequent
analyses. None of the loci showed deviation in all

populations (Table S2), although loci Dsc3, Dsc9 and
Dsc19 showed significant departure from H-W proportion
>40% of populations. We retained all loci in the data set as
it is difficult to differentiate among the Wahlund effect (e.g.,
fine-scale population structure) and true null alleles (Cha-
puis and Estoup 2007). We did not observe a significant
departure from H-W proportion in all populations and mean
null alleles frequencies within each population were low
(Table S3).

Genetic structure related to geography and host

Clustering methods based on individual assignment identi-
fied the most significant number of biological groups that
represented the sampled allele frequency. Calculation of ΔK
following Evanno’s method showed that the most sig-
nificant number of biological groups were K= 2 followed
by K= 3 (Figure S2). Fig. 1 shows the result of Bayesian
classification performed with STRUCTURE with pie charts
representing the average proportion of each k cluster in each
sampled population (see the average Q in Table S4). At K
= 2, individuals mostly clustered by geographic proximity,
and represented spatial differentiation. At K= 3, one of the

Fig. 1 Output from analysis of genetic relationship of populations. NJ
tree on Nei’s genetic distance (1978) matrix (on left) showed the
relationship among populations and colored branches indicated sig-
nificant relationship after 1000 bootstrapping. Pie chart on the map (on
right) corresponds to the average individual posterior assignment (Q)
of each populations recovered by STRUCTURE and colors within pie

charts represents the groups corresponded to K= 3. Significant bran-
ches of NJ tree are also represented in the map and corroborates with
the individual clustering recovered by assignment analysis. Pie charts
radious are proportional to the number of individuals collected at each
sample site

V.A.C. Pavinato et al.

Genetic structure

K=2: Spatial differentiation:


1) demography and colonization events;


2) agricultural system - shift towards de center 

K=3: Incipient host differentiation:

Pavinato et al. 2018



Incipient HRA - Ecological divergence 
1) Ancestral signal of association;

2) Recent HRA

Model r2 p-value

pFST ~ host | geo dist 0.279 0.026

pFST ~ geo dist | host -0.004 0.475

Partial Mantel test 
Causal modeling1

1Cushman et al. 2006; Castillo et al. 2014



Population size changes

N0 ~ 100 
Na ~ 100.000



Population size changes
Test the time for  Ne  changes:


(1) changes imposed by modern agricultural practices in the last 60 years;

(2) changes ≈60–500 years ago; 

(3) ancestral population 




Nonetheless, the population density of sugarcane borer on
non-crop grasses is likely to have a small effect on crop
infestation (Beuzelin et al. 2011) as the larval development
is slow in non-crop grasses compared with crops (Cruz
2007). This delay may reinforce assortative mating within
SCB populations on crop habitats. However, addressing the
influence of dispersion and mating of individuals from non-
crop grasses on the contemporary genetic structure by
systematically collecting sugarcane borer populations from
close non-crop grasses fields will help identify how these
plants affect the delay of insect resistance evolution and
how it might facilitate or constrain HAD.

Population decline and expansion in the Brazilian
agroecosystem

Silva-Brandao et al. (2015), based on haplotype variability
found on partial mitochondrial DNA genes, suggested that
one explanation for the signal of genetic structure in
sugarcane borer populations in Brazil is the demographic
events that took place in South America. The signal of
demographic changes could be explained by two plausible
hypotheses. First, due to the ancestral demographic history,
one or more selective bottleneck events were followed by
population expansions: one after maize domestication
≈7500 years ago and the second linked to the more recent
selection and expansion onto sugarcane ≈400 years ago
(Pashley et al. 1990). Second, the sugarcane borer could
have been reduced by population management practices
such as insecticidal applications, transgenic maize and/or by
cultural management. The advantage of using nuclear

molecular markers as microsatellites, however, is that it
allows the identification of more recent demographic
events, as microsatellite mutations are more frequent than in
mitochondrial DNA, and they include recombination
(Sunnucks 2000). The signal of demographic changes
captured by the microsatellite data indicated two strong
bottlenecks and a recent population expansion. We did not
reject the possibility of one or more events of population
expansion that followed: (1) maize domestication and (2)
expansion of sugarcane fields during the colonization;
however, we assume the latter as a hypothetical event to
link the strong signal of population contraction observed
≈200 years ago (Fig. 2). We posit that the bottleneck signal
of ≈200 years ago was associated with intense human
intervention that dramatically changed the Brazil landscape
at the beginning of the nineteenth century, such as the
reduction of sugarcane plantation and removal of potential
ancestral plant hosts (McNeill 1986). Such drastic changes
associated with increases of coffee production and sub-
stantial pest management greatly reduce sugarcane borer
effective population size (Ne).

By 1970, the sugarcane production had expanded into
the states of Goiás, Mato Grosso and Mato Grosso do Sul.
In this scenario, MSVAR simulations also indicated a more
recent population contraction, ≈50 years ago, in Sao Paulo
that may be related to the widespread use of biological
control (Parra and Zucchi 2004). We did not exclude
another bottleneck imposed by the recent plantation of Bt
maize, which is effective against sugarcane borer. Our
collections occurred before their widespread use; however,
the population contraction of Mato Grosso populations may
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Fig. 2 Our hypothesis of how
the observed demographic
changes in sugarcane borer
populations were linked with
historical events of Brazilian
agriculture. Blue triangles
represent the historical events.
Orange triangles represent the
estimated time of population
contraction obtained by
MSVAR. We placed the signal
of population expansion of
BOTTLENECK (yellow
triangle) were it is more likely
given the historical event of
agricultural intensification. The
dashed triangles represent
hypothetical expansion (pink)
and contraction (orange) given
the widespread production of
sugarcane during the
colonization and the recent
plantation of Bt maize

V.A.C. Pavinato et al.

Genetic of SCB and agricultural system

gold



Historical introduction of sugarcane production along with the more recent expansion 

of maize and sugarcane fields, impacted the genetic diversity and evolutionary 

dynamics of the sugarcane borer in Brazil:


 


demographic events (bottleneck followed by an expansion) coincided with known 

agricultural events in Brazil


We also observed signals of incipient divergence among hosts (sugarcane and 

maize). 




Winter survival mechanisms and adaptive genetic variation in an Antarctic insect

Loss of the land bridge between South America and the
Antarctic Peninsula isolated the southernmost continent
B33 million years ago1, yielding a cold, desert environment

inhospitable to most forms of terrestrial life. Although the
surrounding ocean nurtures an abundance of marine life, and
offshore islands offer summer breeding grounds for birds and
seals, few animals are found year-round in Antarctica’s terrestrial
habitat. Insects, the dominant life form on most continents, are
represented by a single endemic Antarctic species, a wingless
midge, Belgica antarctica (Diptera: Chironomidae)2,3, a species
first noted by a naturalist aboard the S.Y. Belgica, a Belgian
exploratory ship that plied the waters off the Antarctica Peninsula
at the end of the 19th century4. In its patchy island habitat along
the Antarctic Peninsula, B. antarctica is subjected to a range of
environmental onslaughts including temperature extremes,
periodic desiccation, exposure to both fresh water ice melt and
high-salinity sea water, intense ultraviolet exposure, high nitrogen
generated from penguin rookeries and elephant seal wallows and
high winds5–7. The adults, like those of many other species living
on wind-swept islands, are apterous (wingless). The larvae
(Fig. 1a), encased in ice for most of the year, require 2 years to
complete their development and then pupate and emerge as
adults (Fig. 1b) at the beginning of their third austral summer.
The apterous adults crawl over surfaces of rocks and other
substrates, mate, lay eggs and die within 7–10 days after
emergence.

Unusual adaptations, including winglessness, freeze tolerance,
severe desiccation tolerance and constitutive expression of heat

shock proteins8, allow this fly to survive in the inhospitable climate
of rocky outcrops along the Antarctic Peninsula. The genome of
this fly can be expected to offer insights into genomic processes
and genome evolution essential to its survival. At the molecular
level, select genes that have been examined in B. antarctica include
those encoding heat shock proteins8, the antioxidant enzymes
catalase and superoxide dismutase7, a collection of genes that
responded to changes in hydration state9,10 and an aquaporin11.
It is clear from these molecular studies that this species displays
some unusual patterns of gene expression. For example, unlike
most organisms, the messenger RNAs encoding heat shock
proteins, catalase and superoxide dismutase are expressed at high
levels all the time, not just in response to a sudden stress.
Interestingly, there are also Antarctic fish species that have
constitutive expression of heat shock protein 70 (refs 12,13). The
novelty of these responses suggests there are unique genomic
adaptations to cope with extreme environments.

The genome we present for the extremophile B. antarctica is
the first for a dipteran in the family Chironomidae; it consists of
99 megabase pairs assembled using over 100-fold depth coverage
of the genome. It is the smallest insect genome discovered thus
far. This unusually small genome has low repeat content and
general lack of transposable elements (TEs), which are mainly
limited to retroelements. The gene content is similar to other
Diptera; however, intron length and repeat elements are greatly
reduced. Genes that are abundant compared with the related
dipteran Anopheles gambiae are associated with development,
regulation of metabolism and responses to external stimuli. The
genome provides a foundation for studying extremophile biology
and insect genome evolution.

Results
The genome of B. antarctica is the smallest yet reported for an
insect. The estimate of total genome size based on flow cytometry
is 1C¼ 99.25±0.4 megabase pairs (Mbp) for the female and
1C¼ 98.4±0.1 Mbp for the male (Supplementary Methods;
Supplementary Fig. 1; Supplementary Table 1). On the basis of
the raw sequence reads, we estimate the size of the B. antarctica
genome to be 489.5 Mbp but o105 Mbp (Supplementary Fig. 2).
Previous cytological preparations of polytene chromosomes from
salivary glands indicate B. antarctica has three linkage groups
(2n¼ 6)14. We used a single larva of B. antarctica of unknown sex
from Cormorant Island, near Palmer Station, Antarctica for the
reference genome, using Illumina sequencing technology and
Velvet de novo15 for assembly. Several assemblers were compared
(Supplementary Table 2). Paired-end reads from RNA-seq data10

were used to improve the assembly by scaffolding contigs,
resulting in 5,064 scaffolds. One Pacific Biosciences RSII
SMRTbell library was generated to scaffold the assembly, which
added minimal scaffolding owing to the limited amount of DNA
in a single individual. The size of the assembled genome was
89.6 Mbp, including ambiguous bases; this represents over 90% of
the total genome (Table 1). The assembly consists of 5,003 contigs
4300 bp (Supplementary Fig. 3), with an N50 contig length
of 98.2 kilobases (kb) and an average coverage of " 177
(Supplementary Fig. 4). A total of 83.89 Mbp (93.7% of the
assembled genome) was contained in 1,256 contigs 410 kb. The
longest contig assembled was over 622 kb. These multiple lines of
evidence as well as the identification of nearly all (97%) core
eukaryotic genes suggest a high-quality assembled genome (see
also Supplementary Methods).

The genome of B. antarctica is smaller than even the tiny
genomes reported for the body louse (104.7 Mbp) and Strepsip-
tera (108 Mbp)16,17. Previously published genome size estimates
for three chironomid species, as well as new flow cytometry

a

b

Figure 1 | Larval and adult stages of B. antarctica. Fourth (final) instar
larvae of the Antarctic midge B. antarctica (a) and an adult male (b).
This is the southernmost insect and the only insect species endemic
to Antarctica. Larval length is 6–7 mm, and the adult male is B3 mm.
Photo by Richard E. Lee Jr.
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Loss of the land bridge between South America and the
Antarctic Peninsula isolated the southernmost continent
B33 million years ago1, yielding a cold, desert environment

inhospitable to most forms of terrestrial life. Although the
surrounding ocean nurtures an abundance of marine life, and
offshore islands offer summer breeding grounds for birds and
seals, few animals are found year-round in Antarctica’s terrestrial
habitat. Insects, the dominant life form on most continents, are
represented by a single endemic Antarctic species, a wingless
midge, Belgica antarctica (Diptera: Chironomidae)2,3, a species
first noted by a naturalist aboard the S.Y. Belgica, a Belgian
exploratory ship that plied the waters off the Antarctica Peninsula
at the end of the 19th century4. In its patchy island habitat along
the Antarctic Peninsula, B. antarctica is subjected to a range of
environmental onslaughts including temperature extremes,
periodic desiccation, exposure to both fresh water ice melt and
high-salinity sea water, intense ultraviolet exposure, high nitrogen
generated from penguin rookeries and elephant seal wallows and
high winds5–7. The adults, like those of many other species living
on wind-swept islands, are apterous (wingless). The larvae
(Fig. 1a), encased in ice for most of the year, require 2 years to
complete their development and then pupate and emerge as
adults (Fig. 1b) at the beginning of their third austral summer.
The apterous adults crawl over surfaces of rocks and other
substrates, mate, lay eggs and die within 7–10 days after
emergence.

Unusual adaptations, including winglessness, freeze tolerance,
severe desiccation tolerance and constitutive expression of heat

shock proteins8, allow this fly to survive in the inhospitable climate
of rocky outcrops along the Antarctic Peninsula. The genome of
this fly can be expected to offer insights into genomic processes
and genome evolution essential to its survival. At the molecular
level, select genes that have been examined in B. antarctica include
those encoding heat shock proteins8, the antioxidant enzymes
catalase and superoxide dismutase7, a collection of genes that
responded to changes in hydration state9,10 and an aquaporin11.
It is clear from these molecular studies that this species displays
some unusual patterns of gene expression. For example, unlike
most organisms, the messenger RNAs encoding heat shock
proteins, catalase and superoxide dismutase are expressed at high
levels all the time, not just in response to a sudden stress.
Interestingly, there are also Antarctic fish species that have
constitutive expression of heat shock protein 70 (refs 12,13). The
novelty of these responses suggests there are unique genomic
adaptations to cope with extreme environments.

The genome we present for the extremophile B. antarctica is
the first for a dipteran in the family Chironomidae; it consists of
99 megabase pairs assembled using over 100-fold depth coverage
of the genome. It is the smallest insect genome discovered thus
far. This unusually small genome has low repeat content and
general lack of transposable elements (TEs), which are mainly
limited to retroelements. The gene content is similar to other
Diptera; however, intron length and repeat elements are greatly
reduced. Genes that are abundant compared with the related
dipteran Anopheles gambiae are associated with development,
regulation of metabolism and responses to external stimuli. The
genome provides a foundation for studying extremophile biology
and insect genome evolution.

Results
The genome of B. antarctica is the smallest yet reported for an
insect. The estimate of total genome size based on flow cytometry
is 1C¼ 99.25±0.4 megabase pairs (Mbp) for the female and
1C¼ 98.4±0.1 Mbp for the male (Supplementary Methods;
Supplementary Fig. 1; Supplementary Table 1). On the basis of
the raw sequence reads, we estimate the size of the B. antarctica
genome to be 489.5 Mbp but o105 Mbp (Supplementary Fig. 2).
Previous cytological preparations of polytene chromosomes from
salivary glands indicate B. antarctica has three linkage groups
(2n¼ 6)14. We used a single larva of B. antarctica of unknown sex
from Cormorant Island, near Palmer Station, Antarctica for the
reference genome, using Illumina sequencing technology and
Velvet de novo15 for assembly. Several assemblers were compared
(Supplementary Table 2). Paired-end reads from RNA-seq data10

were used to improve the assembly by scaffolding contigs,
resulting in 5,064 scaffolds. One Pacific Biosciences RSII
SMRTbell library was generated to scaffold the assembly, which
added minimal scaffolding owing to the limited amount of DNA
in a single individual. The size of the assembled genome was
89.6 Mbp, including ambiguous bases; this represents over 90% of
the total genome (Table 1). The assembly consists of 5,003 contigs
4300 bp (Supplementary Fig. 3), with an N50 contig length
of 98.2 kilobases (kb) and an average coverage of " 177
(Supplementary Fig. 4). A total of 83.89 Mbp (93.7% of the
assembled genome) was contained in 1,256 contigs 410 kb. The
longest contig assembled was over 622 kb. These multiple lines of
evidence as well as the identification of nearly all (97%) core
eukaryotic genes suggest a high-quality assembled genome (see
also Supplementary Methods).

The genome of B. antarctica is smaller than even the tiny
genomes reported for the body louse (104.7 Mbp) and Strepsip-
tera (108 Mbp)16,17. Previously published genome size estimates
for three chironomid species, as well as new flow cytometry

a
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Figure 1 | Larval and adult stages of B. antarctica. Fourth (final) instar
larvae of the Antarctic midge B. antarctica (a) and an adult male (b).
This is the southernmost insect and the only insect species endemic
to Antarctica. Larval length is 6–7 mm, and the adult male is B3 mm.
Photo by Richard E. Lee Jr.
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Antarctic midge, Belgica antarctica

Antarctic midge, B. antarctica is an endemic insect species of the 
Antarctica. This is a wingless and terrestrial species of 
Chironomidae family (Diptera). This species developed several 
physiological adaptations to cold and dry conditions found at 
Antarctica environment. 

Model to study adaptation to extreme conditions and the response 
to climate changes.

Loss of the land bridge between South America and the
Antarctic Peninsula isolated the southernmost continent
B33 million years ago1, yielding a cold, desert environment

inhospitable to most forms of terrestrial life. Although the
surrounding ocean nurtures an abundance of marine life, and
offshore islands offer summer breeding grounds for birds and
seals, few animals are found year-round in Antarctica’s terrestrial
habitat. Insects, the dominant life form on most continents, are
represented by a single endemic Antarctic species, a wingless
midge, Belgica antarctica (Diptera: Chironomidae)2,3, a species
first noted by a naturalist aboard the S.Y. Belgica, a Belgian
exploratory ship that plied the waters off the Antarctica Peninsula
at the end of the 19th century4. In its patchy island habitat along
the Antarctic Peninsula, B. antarctica is subjected to a range of
environmental onslaughts including temperature extremes,
periodic desiccation, exposure to both fresh water ice melt and
high-salinity sea water, intense ultraviolet exposure, high nitrogen
generated from penguin rookeries and elephant seal wallows and
high winds5–7. The adults, like those of many other species living
on wind-swept islands, are apterous (wingless). The larvae
(Fig. 1a), encased in ice for most of the year, require 2 years to
complete their development and then pupate and emerge as
adults (Fig. 1b) at the beginning of their third austral summer.
The apterous adults crawl over surfaces of rocks and other
substrates, mate, lay eggs and die within 7–10 days after
emergence.

Unusual adaptations, including winglessness, freeze tolerance,
severe desiccation tolerance and constitutive expression of heat

shock proteins8, allow this fly to survive in the inhospitable climate
of rocky outcrops along the Antarctic Peninsula. The genome of
this fly can be expected to offer insights into genomic processes
and genome evolution essential to its survival. At the molecular
level, select genes that have been examined in B. antarctica include
those encoding heat shock proteins8, the antioxidant enzymes
catalase and superoxide dismutase7, a collection of genes that
responded to changes in hydration state9,10 and an aquaporin11.
It is clear from these molecular studies that this species displays
some unusual patterns of gene expression. For example, unlike
most organisms, the messenger RNAs encoding heat shock
proteins, catalase and superoxide dismutase are expressed at high
levels all the time, not just in response to a sudden stress.
Interestingly, there are also Antarctic fish species that have
constitutive expression of heat shock protein 70 (refs 12,13). The
novelty of these responses suggests there are unique genomic
adaptations to cope with extreme environments.

The genome we present for the extremophile B. antarctica is
the first for a dipteran in the family Chironomidae; it consists of
99 megabase pairs assembled using over 100-fold depth coverage
of the genome. It is the smallest insect genome discovered thus
far. This unusually small genome has low repeat content and
general lack of transposable elements (TEs), which are mainly
limited to retroelements. The gene content is similar to other
Diptera; however, intron length and repeat elements are greatly
reduced. Genes that are abundant compared with the related
dipteran Anopheles gambiae are associated with development,
regulation of metabolism and responses to external stimuli. The
genome provides a foundation for studying extremophile biology
and insect genome evolution.

Results
The genome of B. antarctica is the smallest yet reported for an
insect. The estimate of total genome size based on flow cytometry
is 1C¼ 99.25±0.4 megabase pairs (Mbp) for the female and
1C¼ 98.4±0.1 Mbp for the male (Supplementary Methods;
Supplementary Fig. 1; Supplementary Table 1). On the basis of
the raw sequence reads, we estimate the size of the B. antarctica
genome to be 489.5 Mbp but o105 Mbp (Supplementary Fig. 2).
Previous cytological preparations of polytene chromosomes from
salivary glands indicate B. antarctica has three linkage groups
(2n¼ 6)14. We used a single larva of B. antarctica of unknown sex
from Cormorant Island, near Palmer Station, Antarctica for the
reference genome, using Illumina sequencing technology and
Velvet de novo15 for assembly. Several assemblers were compared
(Supplementary Table 2). Paired-end reads from RNA-seq data10

were used to improve the assembly by scaffolding contigs,
resulting in 5,064 scaffolds. One Pacific Biosciences RSII
SMRTbell library was generated to scaffold the assembly, which
added minimal scaffolding owing to the limited amount of DNA
in a single individual. The size of the assembled genome was
89.6 Mbp, including ambiguous bases; this represents over 90% of
the total genome (Table 1). The assembly consists of 5,003 contigs
4300 bp (Supplementary Fig. 3), with an N50 contig length
of 98.2 kilobases (kb) and an average coverage of " 177
(Supplementary Fig. 4). A total of 83.89 Mbp (93.7% of the
assembled genome) was contained in 1,256 contigs 410 kb. The
longest contig assembled was over 622 kb. These multiple lines of
evidence as well as the identification of nearly all (97%) core
eukaryotic genes suggest a high-quality assembled genome (see
also Supplementary Methods).

The genome of B. antarctica is smaller than even the tiny
genomes reported for the body louse (104.7 Mbp) and Strepsip-
tera (108 Mbp)16,17. Previously published genome size estimates
for three chironomid species, as well as new flow cytometry

a

b

Figure 1 | Larval and adult stages of B. antarctica. Fourth (final) instar
larvae of the Antarctic midge B. antarctica (a) and an adult male (b).
This is the southernmost insect and the only insect species endemic
to Antarctica. Larval length is 6–7 mm, and the adult male is B3 mm.
Photo by Richard E. Lee Jr.
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Main Project Goal: 

This project focuses on deciphering the physiological and molecular mechanisms that enable 
the Antarctic midge Belgica antarctica to survive environmental stress and the loss of most of its 
body water in the desiccating polar environment.

1) Evaluating the role of aquaporins (water channel proteins) in the rapid removal of water from the 
body by studying expression of their genes during dehydration; 


2) Investigating the mechanism of metabolic depression and the role of autophagy (controlled 
breakdown of cellular components) as a mediator of stress tolerance by studying expression of 
the genes responsible for autophagy during the dehydration process; and 


3) Evaluating the population structure, gene flow, and adaptive variation in physiological 
traits associated with stress tolerance using a genetic approach that takes advantage of 
the genomic sequence available for this species coupled with physiological and 
environmental data from the sampled populations and their habitats.

Targeted Sequencing
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to construct a ‘‘reduced representation’’ sequencing library for
polymorphism discovery [3]. While initially limited to SNP
discovery rather than individual genotype determination by the
cost and throughput of Sanger sequencing, later studies using a
similar approach capitalized on high-throughput massively parallel
sequencing such as 454 (454 Life Sciences, Branford, CT) and
Genome Analyzer (Illumina, Inc., San Diego, CA) and reported
both reliable SNP discovery and genotyping [4,5]. Second-
generation sequencing of DNA libraries comprised only of regions
adjacent to restriction sites was later dubbed Restriction Associ-
ated DNA sequencing (RADseq; Figure 2A; [6] and developed
further in [7,8]). More refined methods have since emerged (e.g.,
Multiplexed Shotgun Genotyping [MSG]; [9]), but rely on having
a complete reference sequence available. Subsequently, studies
extended RADseq to species that lack a reference genome
sequence, but have restricted variant discovery to only those
regions that contained at most one or two polymorphic sites [10–
12].

While these approaches permit genotyping of multiple individ-
uals with substantially reduced sequencing investment, they are
limited in their ability to allow researchers to tune the fraction of
genome sampled (i.e., to genotype only the number of markers
needed for a given experiment). Furthermore, while the RADseq
method is suitable for systems that lack a sequenced reference
genome, the existing computational tools for analyzing resulting
data perform with relatively poor efficiency. In published examples
of RADseq data analyzed without a reference genome [10–12],
approximately half of the sequence data in each case was
discarded because the analysis was not robust to error in sequence
reads, and an additional ,30–50% of loci were discarded due to
the presence of more than 1–3 variable sites in each region. In
addition to inefficiency, including only reads below a set number
of nucleotide differences between haplotypes at a locus introduces

bias in these data, removing rapidly diverging regions and
complicating analyses such as phylogenetic rate and coalescence
time estimation [13–16]. Thus, the ability to optimize the number
of loci sequenced and maximize the number of sequence reads
incorporated in the analysis, and to take advantage of multiple
sites per locus would improve both the efficiency and utility of this
approach.

To increase the breadth of RADseq applications, we have
elaborated on the method described by Baird et al. [6] by
eliminating random shearing and explicitly using size selection to
recover a tunable number of regions, which are distributed
randomly throughout the genome. Moreover, to maximize our
ability to multiplex (i.e., increase the number of samples per
sequencing lane), we also have developed a two-index combina-
torial tagging approach (e.g., n * m individuals using n+m indices)
and an accompanying computational analysis toolkit and light-
weight data management component to facilitate high-order
multiplexing of many hundreds of individuals. We also developed
a graph clustering-based pipeline to maximize sequence read
inclusion in analysis and permit detection of orthologous
haplotypes regardless of divergence (i.e., without arbitrary
similarity requirements), thereby improving analysis sensitivity
and efficiency. Our software pipeline utilizes a novel approach for
filtering resulting loci independent of coverage depth and converts
the resulting haplotype multiple alignments into standard SAM/
BAM format for downstream analysis, such as variant detection
using the Genome Analysis Toolkit [17] or samtools [18]. This
method has proven inexpensive (i.e., fractions of a penny per
individual per site), rapid (i.e., approximately 8 hours of hands-on
time), requires little starting material (i.e., 100 ng of DNA), and is
suitable for high-throughput applications (all steps can be carried
out in microtiter plates). In addition, this method can be

Figure 1. A flexible genotyping method can be used to optimize the number of genetic markers for a specific experimental
approach in a given biological system. Segregating genetic markers are used to make inferences about historical processes (e.g., phylogenetic
relationships, population structure) and functional mechanisms (e.g., genotype-phenotype mapping), but the optimal number of markers (fraction of
the genome) needed to achieve a desired level of resolution differs based on both the experimental approach and the specific biological system–the
number of genetic markers needed to recover relationships among populations or species is related to divergence among groups (e.g., more recent
or more rapid events require more variable loci); the number of markers required for optimal resolution in phenotype-mapping experiments
(conducted in laboratory crosses or pedigreed wild populations) is a function of the number of recombination events captured in the pedigree; the
number of markers used in association mapping or selection scans in wild populations is determined by genome-wide levels of linkage
disequilibrium, which is largely dictated by demographic history. Recent methods combining reduced representation library construction and next-
gen sequencing (i.e., RADseq [6]) target an intermediate number of regions (shown schematically above). We expand on this approach to provide
marker sets ranging from 100s to 100,000s of regions at low cost with no requirement of prior genomic data (ddRADseq; double digest RAD
sequencing).
doi:10.1371/journal.pone.0037135.g001
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Cost effective genotype several individuals

Demographic inference
+



Targeted enrichment method - PCR based

-	Discovery	and	isolate	informa3ve	SNPs	for	the	genotype	of	Antarc3c	midges	popula3ons;	

-	Develop	a	pipeline	to	automate	the	processing	of	the	sequencing	data;	
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pools using the post-PCR IFC controller AX and transferred to
a 96-well plate. In a second PCR reaction with 15 cycles,
Illumina sequence-specific adaptors and sample barcodes were
attached to the different amplicon pools originating from dif-
ferent patients (figure 1B). We indexed 192 total DNA samples
by attaching 192 different barcodes after processing four differ-
ent 48.48 Access Arrays. The primer sequences required for
Illumina GAII or HiSeq2000 compatible amplicon tagging are
as follows: forward- 50-AATGATACGGCGACCACCGAGATC

TACACTCTTTCCCTACACGA-30 and reverse- 50-CAAGCAGA
AGACGGCATACGAGAT-(BARCODE)-CGGTCTCGGCATTCC
TGCTGAAC-30. Subsequently, all 192 barcoded samples were
pooled and submitted for Illumina NGS.

Next-generation sequencing using the Illumina HiSeq2000
platform
Pooled and indexed PCR products were sequenced on a single
lane of an Illumina HiSeq2000 instrument as 2×100 bases

Figure 1 Fluidigm Access Array
high-throughput mutation analysis
workflow. (A) 48.48 Access Array with
48 DNA sample inlets (50 ng genomic
DNA (gDNA) per sample) and 48
primer inlets is shown on the top. We
applied a multiplex approach by using
10 primer pairs per single primer inlet
in order to amplify 48×480=23 040
different amplicons per array. All
target-specific forward primers (dark
red) and reverse primers (light red)
have been tagged with a universal
forward (dark blue) or reverse tag (light
blue), respectively (designed by
Fluidigm). The first amplification on the
Fluidigm system results in amplicons
containing universal tags on both ends.
(B) In a second PCR performed in a
standard PCR cycler, Illumina
next-generation sequencing (NGS)
forward (dark green) and reverse (light
green) adaptors are incorporated into
the amplicons, together with a unique
barcode (yellow) for each of 48
different DNA samples. Subsequently,
samples are pooled, purified, quantified
and quality control (QC) assessed
using a Bioanalyzer instrument
(Agilent). (C) Samples are submitted
for high-throughput sequencing on a
HiSeq2000 Illumina platform
performing a paired-end run of 2×100
bases. Fluidigm custom primers are
used for sequencing amplicons from
both sides (1st and 2nd sequencing
primer), and for sequencing the
barcode of 10 bases (3rd sequencing
read). Note, that we used four Fluidigm
access arrays in order to perform
mutation analysis in 192 DNA samples
for 11 genes (NPHP1-11) on one lane
of a HiSeq2000 NGS instrument. Taq:
High-Fidelity DNA Polymerase.

758 J Med Genet 2012;49:756–767. doi:10.1136/jmedgenet-2012-100973

Methods

PCR-based Target Enrichment - Fluidigm
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Challenges and future work

- Demographic Inference: WGS and amplicon data;


- Population Genomics 



Determination of the inheritance and SNP markers associated with the 

virulence of soybean aphids on soybean
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Andrew P. Michel - The Ohio State University



Most important pest of soybean (Glycine max) in USA1,2

Disrupt the photosynthetic process – even with low population densities2

Vector of plant viruses3

Nebraska extension

1Heimpel et al. 2010; 2Ragsdale et al. 2007; 3Macedo et al. 2003; 4Davis et al. 2005



- Invasive species from Asia1!

- It was first detected in North America in July 20002,3!

- It rapidly spread across 10 northcentral US states4 (end of the summer same year);

- Primary host: common buckthorn - introduced from northern Europe;

- Secondary host: soybean 

EN56CH20-Desneux ARI 14 October 2010 15:33

2000
2001–2009

Figure 1
Distribution of the soybean aphid (SBA) in North America (125, 148). Red represents the initial 10 states (and counties within those
states) that reported SBA by the end of summer 2000. Yellow represents the current known distribution (summer 2009) of SBA one
decade after its initial discovery, with data recorded by county for the United States. For Canada, fine detail is not available, but pale
yellow indicates provinces that reported SBA by 2009.

was best explained by the ratio of buckthorn
density to field area (2). U.S. native Rhamnus
spp., particularly R. alnifolia and R. lanceolata,
are also potential primary hosts (150), and
Frangula alnus (=R. frangula) is a less preferred
but nonetheless acceptable primary host
(65). Glycine max (soybean) is the principal
secondary host of SBA in North America, al-
though studies suggest reproduction is possible
on Carolina horsenettle, Solanum carolinense
(23), and red clover, Trifolium pratense (126).
This exotic aphid from Asia survives in North

America by using a primary host (common
buckthorn) introduced from northern Europe
and a secondary host (soybean) from Asia.

Several studies have examined SBA growth
rates in relation to temperature, and as a re-
sult, the optimal and upper lethal tempera-
tures are well understood. SBA has an op-
timal development temperature of 28◦C and
exhibits a rapid decline in reproductive out-
put as temperatures approach 35◦C (102, 105).
This constraint, along with reduced abundance
of primary hosts, likely explains why SBA’s

www.annualreviews.org • The Soybean Aphid in North America 377
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Soybean Aphid - Aphis glycines

1Venette & Ragsdale 2004; 2Ragsdale et al. 2004; 3Alleman; 4Ragsdale et al. 2011 
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Sexual Female and Male!

Fundatrices!

SBA Reproduction and Ecology 
[relevant to obtain mapping population]

Heteroecious and holocyclic species

Sexual reproduction on primary host
[buckthorn trees] 

Asexual reproduction on secondary 

Common buckthorn (Rhamnus cathartica)
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- Insecticides;


- Natural Enemies 

- Host-plant Resistance (HPR) to SBA1

Management:

EN56CH20-Desneux ARI 14 October 2010 15:33

Binodoxys communis Binodoxys communis 

Harmonia axyridis Harmonia axyridis 

Orius insidiosus Orius insidiosus 

Neohydatothrips variabilisNeohydatothrips variabilis

Aphis glycines Aphis glycines 

Binodoxys communis 

Harmonia axyridis 

Orius insidiosus 
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IpomoeaIpomoea
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Other crops
(virus transmission) 

Positive effect

Negative effect

Other
coccinellids 

Other parasitoids 

Primary (overwintering) host

Other
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Aphis glycines 

Glycines maxGlycines maxGlycines max

Rhamnus cathartica Rhamnus cathartica Rhamnus cathartica 

Direct interactions

Indirect interactions
Strength of
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Figure 2
Multitrophic interactions and potential linkages between the soybean aphid and other biotic components of North American
ecosystems. Lines with arrows indicate a positive effect in the direction of the arrows, and lines with circles indicate negative effects in
the direction of the circles. Solid lines indicate direct interactions, and dashed lines indicate indirect interactions (mediated by another
component of the system). Thickness of lines is roughly proportional to the known or suspected strength of the interaction. Signs and
magnitudes of arrows were derived from studies cited and discussed in the review. Photos from D. Cappaert: Coccinella septempunctata,
Coleomegilla maculata, and Hippodamia convergens (i.e., other coccinellids), Chrysoperla sp. and hoverfly larvae (i.e., other predators), and
Aphidius colemani; from C.D. Difonzo: snap beans and pumpkins; from D. Hansen: Binodoxys communis; from M. Kogan: Neohydatothrips
variabilis; from J.G. Lundgren: Ipomoea hederacea; from J.C. Malausa: Lysiphlebus testaceipes; from R.J. O’Neil: Glycines max; from
J. Samanek: Rhamnus cathartica; from Z.S. Wu: Aphis glycines; and from H.J.S. Yoo: Orius insidiosus.

alfalfa living-mulch treatment increased preda-
tor abundance and delayed SBA population in-
crease. Vegetation diversity can also be used
as a tool for conserving natural enemies in
agricultural landscapes and enhancing their

potential as biological control agents (91).
Lundgren et al. (98) demonstrated that O. in-
sidiosus is more abundant in weedy than in
weed-free soybean plots, that females prefer to
oviposit onto weeds rather than into soybean,
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Several varieties and plant introductions (PIs) had been identified as been resistant to SBA:


- antibiosis;


- antixenosis;


- tolerance as mechanisms of resistance 


Jackson and Dowling varieties -  resistant via antibiosis  

PI 71506 - resistant via antixenosis1 

Resistance in Jackson and Dowling: 
1 single dominant gene Rag1 - mapped linkage group M2,3 

Resistance PI 243540: 
1 single dominant gene Rag2 - mapped linkage group F4

“Rag” genes: 

8 genes have been identified – HPR phenotypes

1Hill & Hartman 2004; 2Hill & Hartman 2006a; 3Hill & Hartman 2006b; 4Mian et al. 2008.



As early as 2005 aphids were observed that overcame resistance (i.e. virulent)

Biotypes Rag1 Rag2 Rag1/Rag2

Biotype1 Avirulent Avirulent Avirulent

Biotype	2 Virulent Avirulent Avirulent

Biotype	3 Avirulent Virulent Avirulent

Biotype	4 Virulent Virulent Virulent

Aphids adapted to the HPR1:

1Kim et al. 2008

15 days after 
infestation

Res. Lines IL OH

Dowling (Rag1) 15 639

Jackson (Rag1?) 11 414

LD05-16611 29 627

Suscept. Lines

Dwight 468 398

Williams 82 726 574



- Comparative Genome Scan - PoolSeq (Wenger et al. in preparation): 

- 84 SNPs;


- Differential gene expression analysis (Yates et al in preparation): 

- Constitutive differences between Biotype 1 and Biotype 4.


- Genetic-Phenotype Association - QTL mapping 

Finding the underlying genetic basis of SBA virulence 
(if it is genetic)



Mapping population: F2 intercross
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Biotype 1!
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Marker discovery - panel design - Genotypic data

WGS of biotype pools 
(B1, B2 and B3)

Reference-based SNP calling 
First draft of the genome (Wenger et al 2017)



391 targeted SNPs 
378 amplicons

ION AMPLISEQTM

240 targeted SNPs
980 N-targeted SNPs



Genetic Map
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Challenges and future work

High percentage of targeted and non-targeted markers with segregation distortion 

Inconsistency in the genotypic data of F1 
  

- Reduced heterozygosity in parental lines;


- Not account for variation in the analysis of pool data;


- Reproductive isolation between biotypes (or partial RI as indicate the SG data);

- Symbionts (Wolbachia);


- Incompatibility - Hybridization / Introgression with other aphid species



Tracking selection in time-series population genomic 
data using ABC random forests 

Miguel Navascués - UMR CBGP, INRA
Jean-Michel Marin - UMR IMAG, Université de Montpellier

Postdoc InterLabex - ABCSelection
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Despite the presumed founder effect associated with inva-
sion (Michel et al. 2009), the soybean aphid has proven to
be well adapted to the industrial agro-ecosystem in North
America and has rapidly expanded its range which includes
30 U.S. states and three Canadian provinces (Ragsdale et al.
2011). Within North America, the species is heteroecious
and holocyclic, transitioning between asexual clonal repro-
duction on its secondary host, soybean, and a sexual phase
on its primary and overwintering host (Rhamnus spp., with
common buckthorn, R. cathartica, most frequently uti-
lized) (Ragsdale et al. 2004). As a result of the ubiquitous
presence of both primary and secondary hosts, and aphid
movement among them, there are few barriers to gene flow
among A. glycines populations, resulting in genetic homog-
enization across North America (Michel et al. 2009; Oran-
tes et al. 2012).
Soybean aphid-resistant soybean cultivars have been

developed to provide an alternative to comparably expen-
sive and ecologically damaging chemical insecticides
(Hodsgon et al. 2012). Currently, five Rag (Resistance to
Aphis glycines) genes have been described, Rag1 – Rag5
(Hill et al. 2006a,b; Mian et al. 2008; Zhang et al. 2008;
Jun et al. 2012), with Rag1 expressing varieties commer-
cially released in 2010. Virulence to Rag1 and Rag2 has
been found in natural soybean aphid populations; natural
virulence to other Rag genes is unknown. Currently, four
biotypes of the soybean aphid are recognized including:
biotype 1 (not virulent, i.e., avirulent, to all HPR strains),
biotype 2 (virulent only to Rag1 soybean), and biotype 3
(virulent to Rag2 while remaining mostly avirulent to Rag1

soybean), and biotype 4 (virulent to Rag1 and Rag2 indivi-
dually and in concert) (Kim et al. 2008; Hill et al. 2010; Alt
and Ryan-Mahmutagic 2013).
Although much effort has been made to elucidate the

mechanism and chromosomal location of aphid resistance
within soybean (Li et al. 2008; Hill et al. 2012), relatively
little effort has been focused on the ecological and evolu-
tionary genetics of soybean aphid biotypes, including
genetic comparisons between biotype populations. Consid-
ering the Diehl and Bush framework, virulent biotype evo-
lution in A. glycines could be the result of any of the five
described categories with patterns of genetic variability
matching those listed in Table 1. However, the lack of pop-
ulation structure found in previous studies (Michel et al.
2009; Orantes et al. 2012) suggested that race formation
and speciation are unlikely causes of biotypic virulence.
Therefore, in this case, we predicted that biotypic virulence
is a function of either nongenetic environmental influences
or a genetic polymorphism that is ubiquitous throughout
the population via sexual recombination.
To clarify the evolutionary genetic relationships among

soybean aphid biotypes, we performed a molecular marker
analysis of 14 populations of biotype 1 and 2, geographi-
cally distributed across seven collection sites in northern
Ohio, USA. Genotypic diversity, genetic distance, and pop-
ulation assignment analyses were performed across geogra-
phies and biotypes. Our goals were to determine the
pattern and level of genetic differentiation among biotype
populations. If we find strong genetic structuring between
biotype populations, then biotypes are the product of race

Table 1. Hypotheses proposed through the Diehl and Bush (1984) framework with predicted population level patterns for each.

Diehl & Bush

categories Hypothesis

Predicted population level responses

Gene flow Structure Genotypic diversity

Nongenetic Biotypic differences are not genetic

in origin, but are likely associated

with phenotypic plasticity,

environmental effects, and

endosymbionts

Ubiquitous No structure Little to no deviation between

biotypes. Shared *MLGs common

Ubiquitous genetic Biotypes are the product of adaptive

genetic variation, but gene flow is

uninhibited. Biotypic traits subject to

population level drift and selection

Ubiquitous No structure Limited deviation between biotypes if

monogenic. None if polygenic

Geographic race Biotypes are geographically separate

during sexual stages, limiting gene

flow. Biotypes evolved via

geographic isolation

Restricted Strong structure by

biotype and geographic

gradient

Deviation in richness between biotypes.

Few Shared MLGs

Host race Biotypes associate with different primary

hosts causing near sexual isolation

and divergent evolutionary trajectories

Restricted Structure between

biotypes and

primary host

Deviation in richness between biotypes.

Few Shared MLGs

Species Biotypes are indicative of separate

species that share no gene flow

None Strong structure by

biotype populations

Genotypes significantly divergent,

few or no MLG shared between biotypes

*MLG, multilocus genotype.
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formation or speciation through restricted gene flow. Alter-
natively, if structure is non-existent or unassociated with
biotypes, then virulence is ubiquitous throughout the
North American population and is genetically admixed or
environmentally induced and nongenetic (Table 1). This is
the first comparison of genetic variation between soybean
aphid biotype populations, and the results of this study
would lead to a better understanding the evolution of viru-
lence and improve the use of resistant soybean cultivars.

Materials and methods

Collection and biotype differentiation
Biotype 1 and 2 soybean aphids were sampled in pairwise,
concurrent collections at seven sites across northern Ohio,
with sites grouped into two geographic clusters (Fig. 1,
Table 2). Distances between sites were designed to account
for a null hypothesis of genetic isolation by geographic dis-
tance, with gradients representing three geographic scales
termed microgeographic (<2 km), mesogeographic
(>2 km, <120 km), and macrogeographic (>120 km). Site
selection was based on affiliation with the Ohio State Uni-
versity extension system, available field space, and aphid
infestation. The eastern cluster was composed of four sites
at the Ohio Agricultural Research and Development Center
(OARDC) in Wooster, Wayne County, Ohio; all Wayne
county field sites were established within a 2 km radius to
allow sampling on a microgeographic scale. The western
cluster included single field sites in Defiance, Fulton, and
Wood counties in northwest Ohio. The western cluster
sites were located within 120 km of one another and
225 km from the eastern cluster, thereby establishing
meso- and macrogeographic collection distances.
Sampling of aphids differed between the western and

eastern clusters due to growing space constraint within the
eastern sites. Within these sites (W1-W4, Table 2), Rag1
expressing LD-05 16060 (i.e., resistant soybean) and sus-
ceptible variety SD-01 76R (Tinsley et al. 2012) were grown

in separate 38 9 53 cm growth flats. Soybeans were reared
under standard greenhouse conditions until V3 growth
stage and then transferred to the field sites. Single flats of
both the Rag1 and susceptible variety were positioned on
the edge of a susceptible and insecticide-free soybean field.
Plants were observed every 2 days for aphid colonization.
Apterous (i.e., wingless) aphids collected in the field on
Rag1 expressing plants were assumed to be virulent and
defined as biotype 2. Any aphids collected on susceptible
soybean could be biotype 1 (avirulent to Rag1) or biotype 2
and therefore required further characterization using the
detached leaf assay as outlined by Michel et al. (2010).
Aphids capable of feeding and producing viable clones on
the Rag1 detached leaves were classified as biotype 2 and
were excluded from our analysis. Aphids that failed to feed,
actively avoided the leaf, produced unviable nymphs, or
suffered mortality after feeding on the leaf were defined as
biotype 1. All aphids were collected from their host plant
using a fine tip brush and were stored at !20°C. For east-

Figure 1 Geographic location of collections. Abbreviations and GPS

coordinates available in Table 2.

Table 2. Collection information for soybean aphid field sites.

Field* Collection date† N-B1‡ N-B2‡ Latitude (N) Longitude (W)

Defiance (Df) September 1 45 48 41.324 84.551

Wood (Wd) August 17 48 40 41.455 83.664

Fulton (Fu) August 21 39 56 41.608 83.986

Wayne-1 (W1) August 27–September 2 47 48 40.773 81.910

Wayne-2 (W2) August 27–September 2 55 49 40.759 81.903

Wayne-3 (W3) August 27–September 2 47 47 40.759 81.900

Wayne-4 (W4) August 27–September 2 46 47 40.766 81.908

*Abbreviations in parentheses.

†All collections in year 2011.

‡Sample size of biotype 1 (B1) and biotype 2 (B2).

1044 © 2013 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 6 (2013) 1041–1053
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Genetic relationship of biotypes

Diehl & Bush 1984; Wenger & Michel 2013



P > 0.2, n = 7, W = 4.96), averaging 0.566 for biotype 1,
and 0.501 for biotype 2. These diversity measures remained
nonsignificant when populations were compared across
micro-, meso-, and macrogeographic distances (ANOVA:
Micro F(3,4) = 2.32, P > 0.2; Meso F(2,3) = 0.919,
P > 0.2; Macro F(1,12) = 1.381 P > 0.2).

Genetic diversity and structure

Hardy–Weinberg disequilibrium was observed at several
loci, with deviation occurring at 85 of a total possible 210
cases (40.5%). Total loci in disequilibrium per population
averaged 6.07 (range 3–11). These results are greater than
those observed in previous research (Orantes et al. 2012),
though the number of deviations decreased when popula-
tions were grouped according to biotype or sampling clus-
ter. This suggests that individual populations or yearly
environmental conditions drive fluctuations in heterozy-
gosity via clonal amplification rather than specific geo-
graphic or biotypic effects. Such dynamics are to be
expected within an asexually reproducing and highly
mobile organism. Overall, populations exhibited slightly
more heterozygote excess (55%) than heterozygote defi-
ciency (45%), with a mean FIS = !0.018 among loci (Table
S1). At the population level, FIS deviations were typically
slight and ranged from !0.114 in Df biotype 1 to 0.062 in
Wd biotype 2. Deviation between biotypes was nonsignifi-
cant in FIS and heterozygosity (expected or observed). Sim-
ilarly, no differences in HO or FIS were observed when
grouped by eastern and western clusters; however, there
was significant difference in expected heterozygosity
(FSTAT, 10 000 permutations, P < 0.05) between the clus-
ters due to a relatively high proportion of homozygotes in
both biotype populations from the Wd site.
Population pairwise FST was generally low and ranged

between !0.008 and 0.064 with a mean value of 0.013
(Table S2). No populations were found to have a signifi-
cantly different pairwise FST values other than Df, where
differences were not associated with geography or biotype.
With the exception of the Df field, aphids of different bio-
type collected at the same site did not show significant
genetic differentiation. Similar results were seen after pool-
ing within biotypes (FST = !0.005, P > 0.68). However,
significant differences were found when populations were
compared among and between meso- and macrogeograph-
ic distance, with Df showing significant difference from Fu
(FST = 0.011, P < 0.05) and W1-4 sites (FST = 0.009,
P < 0.01).
If genetic variation in soybean aphid populations was

associated with either biotypes or geography, then the PCA
would have reflected nonrandom clustering respective of
either of these two factors (Figure S2A,B). Instead, PCA
using Nei’s genetic distance did not reveal any obvious pat-

tern associated with geographic location or biotype
(Fig. 2). The PCA further suggests that while the W1-4, Fu,
and Wd populations of both biotypes are genetically simi-
lar, both Df biotype populations are strongly divergent
from the other sites and each other. Population assignment
tests lend further support to this unstructured pattern. Pae-
tkau self-assignment consistently assigned the majority of
individuals within each population as migrants (mean
88%; range 55%–100%, Table 4), suggesting high mobility
of individuals. Likely due to this immigration, STRUC-
TURE analysis failed to detect any significant population
structure aside from k = 1. Both the STRUCTURE and
Peaktau analyses suggest little genetic differentiation
between populations according to biotype or geographic
location.

Figure 2 Principle Components Analysis (PCA) of Nei’s Genetic Dis-

tance between biotypes 1 and 2 of sampled populations. No discernible

patterns are found between biotypes or geographic distance, but rather

patterns indicative of panmixia.

Table 4. Population assignment of individual MLGs within their sam-

pled populations via Paetkau assignment test.

Paetkau assignment

Self Out % Self*

Biotype 1

Df 15 28 34.9

Wd 0 42 0

Fu 1 37 2.6

W1 2 41 4.6

W2 3 41 6.8

W3 4 41 8.9

W4 7 39 15.2

B1 Avg 4.5 38.4 10.4

Biotype 2

Df 13 16 44.8

Wd 0 34 0

Fu 8 48 14.3

W1 2 44 4.3

W2 5 42 10.6

W3 8 35 18.6

W4 2 44 4.4

B2 Avg 5.4 37.5 13.9

*Percent of population assigned to the original collection.
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tion). In this case, genetic variation between biotypes is
expected to be minimal (Tables 1 and 5), the primary pat-
tern found within our data. Additionally, some MLGs were
shared between biotypes at a sampling site, suggesting that
the divergent virulent phenotype is being expressed differ-
entially across individuals of the same clonal lineage. Many
aspects of the soybean aphid’s life history make the species
particularly capable of nongenetic adaptation including
endosymbiont associations, telescoping generations, and
cyclical asexuality (Dixon 1985; Moran 1992).
Many insect species, particularly aphids, are known to

harbor bacterial endosymbionts. These associations can be
either obligatory or facultative and provide insects with
selective advantages such as nutritional supplements, host
specificity, and defense against environmental stressors
(Moran et al. 2008; Douglas 2009; Oliver et al. 2010). The
soybean aphid is known to harbor three endosymbionts:
the obligate Buchnera aphidicola and two facultative spe-
cies: Wolbachia and Arsenophonus (Liu et al. 2012). B. aph-
idicola is required for the isolation and synthesis of essential
amino acids from the aphid’s nitrogen poor diet of phloem
sap (Baumann et al. 1995; Douglas 1998, 2009). Rag1 plants
have altered ratios of free amino acids in soybean leaves
compared to non-Rag1 plants (Chiozza et al. 2010) and
may select for a B. aphidicola strain(s) able to overcome the
deficient amino acid content. B. aphidicola upregulated dif-
ferent proteins when their potato aphid (Macrosiphum eu-
phorbiae) host was reared on diverse resistant cultivars
(Francis et al. 2010), suggesting an adaptive role. However,
if B. aphidicola strains were responsible for virulence in bio-
type 2, then genetic differentiation should have been appar-
ent, as the symbiont is passed maternally and the resulting
virulent offspring would be closely related.
Facultative endosymbionts are associated with a number

of traits in aphids including nutrition, heat resistance, para-
sitoid immunity, and host-plant transitions (Oliver et al.
2010), but the role of Arsenophonus and Wolbachia in the
soybean aphid is unclear. Wulff et al. (2013) found Arsen-

ophonus to be harbored in 80 of 83 sampled North Ameri-
can A. glycines, though it did not provide protection
against parasitoids or the fungus Pandora neoaphidis. Addi-
tionally, there is currently little or no evidence of facultative
symbionts being involved in biotypic virulence. A prelimin-
ary PCR screening of Arsenophonus across 128 randomly
selected aphids from our data set revealed the symbiont to
be almost universally present across site and biotype (data
not shown). Future studies are needed to understand the
interaction between the soybean aphid and its various en-
dosymbionts.
In addition to potential endosymbiont effects, aphids are

known for their ability to express widely divergent pheno-
types within a genetically identical clonal lineage, such as
the ability to transition between asexual and sexual forms
as well as winged and nonwinged forms within a single
asexual generation (Moran 1992; Via 1993; Weisser and
Stadler 1994). If plasticity is involved, then virulence may
not be static or restricted to certain genotypes; instead, for-
merly avirulent aphids may express virulence to resistant
cultivars in response to appropriate environmental stimuli.
Soybean aphids exhibit variation in morphological and
reproductive traits in response to elevated temperature and
can increase clonal fecundity as asexual generations pro-
gress under detrimental conditions (Richardson et al.
2011). This suggests adaptive phenotypic plasticity is possi-
ble in response to environmental change, a mechanism that
could play a role in biotypic virulence through differential
gene regulation. Additionally, multitrophic interactions
between the aphid, host plant, and environmental variables
are likely to facilitate virulence, as the level of resistance in
certain soybean cultivars can be affected by temperature
(Richardson 2011). In this case, virulence is not necessarily
wholly dependent on the aphid’s genotype, but the envi-
ronmental context in which resistance is manifested.
Performance on resistant soybean cultivars may also be

explained by prior host exposure (Schotzko and Smith
1991; Robinson 1993). When exposed to resistant sorghum

Table 5. Predicted patterns of gene flow, population structure, and genotypic diversity per Diehl & Bush (1984) category and sub-category. Catego-

ries in bold are consistent with data in the present study.

Diehl & Bush category Sub-category Genetic differentiation Population structure Genotypic diversity

Nongenetic Endosymbiont Between biotype Minor structure biotype

or geography

Biotype 2 less diverse

Nongenetic Phenotypic

Plasticity

None No clustering or by

geography

No significant difference

between biotypes

Ubiquitous genetic Gene for Gene None Minor structure biotype

or geography

Biotype 2 less diverse

Ubiquitous genetic Epistasis None No clustering or by

geography

No significant difference

between biotypes

Geographic race N/A Strong between biotype Cluster by biotype Sig Dif in diversity

Host race N/A Strong between biotype Cluster by biotype Significant difference in diversity

Species N/A Strong between biotype Cluster by biotype Significant difference in diversity

© 2013 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 6 (2013) 1041–1053 1049
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Threshold Model

of the vector of liabilities x is of course the multivariate
normal density

fðx;m;CÞ; (2.1)

where m is the vector of means of the liabilities. This is
an np-dimensional density.

If the observed discrete {0,1} phenotypes for the n
individuals are called the yij, this being the phenotype of
the jth character of the ith individual, the likelihood is
the joint probability of these. This is the multiple
integral of the density function over the region of the
space of liabilities lying on the proper sides of all the
thresholds

LZProbð y;m;CÞ

Z
ð

x112R11

ð

x122R12

.
ð

x1p2R1p

ð

x212R21

.
ð

xnp2Rnp

fðx;m;CÞ;

(2.2)

where the regions of integration Rij are each either
(0, N) if yijZ1 or (KN, 0); if yijZ0. In other words,
the likelihood is a high-dimensional integral of a
corner of a correlated multivariate normal distri-
bution. It is a function of parameters that include
the means and the additive, dominance and environ-
mental variances and covariances between characters.
Our objective will be to calculate likelihoods or
likelihood ratios for different parameter values or, in
the Bayesian case, to infer the posterior distribution of
these parameters.

There are approximations for such integrals, but
they work well only when the number of variables is
modest. Harville & Mee (1984) described maximum
likelihood inference in mixed models using the

threshold model, but they were forced to retreat to
approximate evaluation of the necessary integrals. As
with many high-dimensional integral problems, this
one has had to await Monte Carlo sampling methods
such as Markov chain Monte Carlo (MCMC) for
effective treatment.

3. MONTE CARLO SAMPLING METHODS
McCulloch (1994) described the use of MCMC
sampling methods for the threshold model with a
mixed model underlying it. This model includes as
special cases most of the ones we will be interested in.
McCulloch’s general strategy is to sample liabilities,
using an MCMC method known as a Gibbs sampler
and, by doing this many times, to approximate the
likelihood. A similar strategy allows the approxi-
mation of the posterior if one is doing Bayesian
inference. McCulloch’s particular method uses an
EM (expectation–maximization) algorithm to update
parameter values. A Bayesian approach to a similar
problem was made by Sorenson et al. (1995), also
using an MCMC method with Gibbs sampling.

These applications of the MCMC sampling make
the threshold model useable for pedigree data in
quantitative genetics. Using these approaches, it is
possible to infer genetic variances and covariances from
pedigree data with multiple discrete traits. These
methods are part of the increasing use of MCMC
methods for likelihood and Bayesian inference in
quantitative genetics, enabling estimates and
inferences for models that would be intractable
otherwise. In this paper, I will discuss application of
the threshold model to between-species data. First, it
may be helpful to explain the MCMC methods more
generally.

4. MONTE CARLO INTEGRATION
We are approximating a high-dimensional integral for
which no closed-form formula exists. In the case of
pedigree data, we would be integrating over the
unknown values of the liabilities of individuals in the
pedigree, both individuals that we have observed and
those that we have not observed. The integral is
approximated by Monte Carlo integration—drawing a
large sample of points from the domain of integration
and evaluating the contribution to the integral in the
vicinity of these points by evaluating the function at the
points. In effect, we replace the continuous function
that is being integrated by a histogram that approxi-
mates it.

Monte Carlo integration can be very effective, but if
most of the area under the function is in a very
restricted part of the domain, a naive Monte Carlo
approach can fail because most of the samples are taken
from nearly irrelevant areas. The solution to this
problem is to sample non-randomly, concentrating
the sample mostly in the region that contributes most
to the integral. This is importance sampling. One needs
to correct for the concentration of the sampling by
down-weighting each sample so that it counts corres-
pondingly less. Importance sampling has been a staple
of Monte Carlo integration since its (re)discovery in
the 1950s.

Figure 1. The threshold model of quantitative genetics,
showing the continuous distribution of the underlying liability
characters, and the resulting discrete distribution of the
observed phenotype.
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