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ABSTRACT

Biocontrol is the process of using predators, parasitoids, or pathogens of pest
species for population suppression. For optimal biocontrol, these natural enemies would
persist in the local environment and quickly recolonize areas after disturbance. Failure to
recolonize can have significant consequences on pest suppression, allowing pests to
proliferate before natural enemies can take hold. Understanding spatial relationships
between natural enemies and their environment can inform management decisions to
preserve natural enemy populations. We analyzed the population genomics of two major
whitefly predators (Geocoris punctipes and Orius insidiosus), using relatedness of their
populations across geographic distance to better understand their movement patterns and
dispersal capabilities. Both G. punctipes and O. insidiosus were found to have little to no

genetic differentiation across all populations examined, providing support for long-

distance recolonization post-disturbance for more effective biocontrol.
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CHAPTER 1

LITERATURE REVIEW

Biocontrol is the process of using natural enemies of pest species for population
suppression. Parasitism, predation, and pathogen spread can all be utilized to reduce
populations of pests to a more manageable size (Hokkanen and Sailer 1985). Within
biocontrol, there are three broad categories: classical, augmentative, and conservation

control.

Classical biocontrol involves the release of an organism outside of its native range
for the purpose of pest control (Howarth 1991). Oftentimes this is used for management
of nonnative pest species and seeks to reestablish control through importation of natural
enemies from the pest’s native range (Howarth 1991). Ideally, the biocontrol agent will
have high host specificity, and research on the potential effects on nontarget organisms is
critical prior to release (Barratt et al. 2010). Due to the need for high host specificity,
most classical biocontrol agents are parasitoids, many of which specialize on a single host
genus or even species (Stiling and Cornelissen 2005). As the global spread of crop pests
increases, classical biocontrol continues to play a critical role in pest control (Bebber et

al. 2014).



Augmentative biocontrol involves the mass production and release of a natural
enemy to supplement local populations and increase biocontrol effectiveness (Collier and
van Steenwyk 2004). This is often used for microbial and nematode control agents, as
these organisms can be mass produced and applied through spraying (Copping and Menn
2000). Other forms of augmentative control involve the sale and release of insect
biocontrol agents such as ladybugs or lacewings, although evidence for the effectiveness

of this is mixed (Collier and van Steenwyk 2004).

Conservation biocontrol does not involve the release of any organism, but rather
focuses on land management techniques for preserving and increasing natural populations
of biocontrol agents (Shields et al. 2019). This often involves the use of non-crop
vegetation such as floral resources (Ramsden et al. 2015) or beetle banks (dense grasses
for ground predator overwintering) (Collins et al. 2002). Alternative prey is also an
important factor in conservation of natural enemies by providing consistent food
resources for predators and potentially reducing intraguild predation (Snyder 2019).
Providing a diversity of these resources can increase natural enemy diversity and

consequently pest suppression (Ramsden et al. 2015, Snyder 2019).

However, trophic interactions in ecological systems are complex and numerous,
making it difficult to predict and characterize the full effects of biocontrol measures
(Thomas and Willis 1998). Potential biocontrol agents may feed on the pest species of
interest, but aspects of their feeding may make them less efficient control agents. Natural
enemies may engage in intraguild predation (Muller and Brodeur 2002), or the feeding
strategies they engage in may be redundant to a predator already present in the

environment (Roubinet et al. 2018).



Another important aspect is whether the biocontrol agent is a specialist or a
generalist. Specialist natural enemies are focused one family or even one genus or species
of insect; generalist natural enemies feed across multiple groups. While specialist natural
enemies can exert higher predation pressure (Diehl et al. 2013), generalists are able to
persist in the environment even when the pest is not present (Symondson et al. 2002).
These factors can have a significant impact on the success of a biocontrol agent.
Consequently, gathering extensive information on pest and biocontrol organisms alike is

crucial to pinpoint optimal and effective control (Thomas and Willis 1998).

For optimal biocontrol, natural enemies would persist in the local environment
and quickly recolonize areas after disturbance (Rand et al. 2006). Failure of natural
enemies to recolonize early can have significant consequences on pest suppression,
allowing pest species to proliferate before natural enemies can take hold (Costamagna et

al. 2015). For this reason, maintaining stable natural enemy presence is critical.

Landscape predator conservation techniques can help to keep consistent natural
enemy populations. However, natural enemy responses to different land management
techniques can also vary. While beetle banks may be greatly beneficial to ground beetles,
predatory flies such as Syrphidae and Empididae often require floral resources to
establish within an agricultural plot (Holland et al. 2016). Different forms of refuge
habitat can provide shelter for predators allowing quick recolonization, but some studies
show a decrease in natural enemy density with the presence of refuge crop stands (Liman
et al. 2016). Understanding specific interactions of target natural enemies and landscape
characteristics can be important in their conservation and maintenance on agricultural

landscapes (Holland et al. 2016).



Regardless, maintenance of natural enemies can be difficult to achieve
consistently, as spatial patterns between insect populations are difficult to monitor with
conventional techniques due to their small size and potential dispersal (Hassell et al.
1991). Patches of habitat can improve the likelihood of natural enemy persistence
(Hassell et al 1991), but it is important to know the specifics of how large and nearby
patches must be for effective natural enemy colonization (With et al. 2002; Visser et al.

2009). To evaluate this, we need to understand the movement patterns of natural enemies.

Different natural enemies can be influenced by different landscape factors and
spatial scales, even within closely related taxa. For example, Aviron et al. (2016) found
that two predatory Miridae were differentially affected by specific landscape factors and
operated at different spatial scales, with Macrolophus seeming to operate at a scale over
twice the size of Dicyphus. Similarly, a study by Hirose et al. (1996) looked at egg
parasitoid success of soybean pests, finding that Ooencyrtus nezarae spends a
considerable amount of time dispersing as compared to the other studied species. These
behavioral differences can completely change a species’ relationship to its landscape,
potentially allowing O. nezarae to colonize new habitat patches more easily (Hirose et al.
1996). Understanding these spatial relationships between different natural enemies and
their environment can inform landscape management decisions to preserve natural enemy

populations.

A variety of methods have been developed and applied to understand insect
movement. These methods can be broadly grouped into path tracking (directly evaluating
location at specific time intervals), mark-recapture (Marking insects and recording

location upon recapture), behavioral study (artificially evaluating movement capability in



a lab environment), radar (remotely collecting movement information from diodes
attached to specimens), and molecular techniques (using genetic information or

molecular traits to categorize populations, examine variation, and infer movement).

(Osborne et al. 2002).

Each of these methods have limitations in their application. Some methods are
often inefficient in studying long-distance dispersal, such as path-tracking and mark-
recapture (Osborne et al. 2002; Mahroof et al. 2010; Showers 1997); some require high
costs for precise location data, such as radar (O’Neal et al. 2004); and others take place in
highly controlled lab environments that may not accurately represent natural movement,

such as behavioral studies (Naranjo 2019, Minter et al. 2018).

For an effective analysis of insect movement and dispersal, the methods should be
capable of reaching a large enough scope to encompass relevant movement distance
without heavily altering natural behavior (Osborne 2002). One solution to this problem is
to broaden research from the individual level to the population level through molecular
techniques. Molecular techniques can use genetic differences and molecular markers to
infer movement and dispersal rates between populations and draw conclusions about
movement patterns and capabilities (Sheikha 2019). Using unique molecular markers has
been shown to be quite effective, but identification of these markers is not always easy,
and sometimes there is not a reliable marker to differentiate between closely related
populations (Sheikha 2019). Contrastingly, population genomics uses variation across a
wider swath of an organism’s genome, broadening the area where genetic differences

between populations might be found.



Population genomics refers to the study of multiple areas of a genome to better
understand evolutionary processes within and across populations. This includes genetic
variation, natural selection, genetic diversity, etc. (Luikart et al. 2003). Over time this
definition has been refined to focus on “genome-wide effects” (Black 1V et al. 2001).
When individual gene loci are studied, often the focus is identifying loci that serve
specific purposes. When focusing on genome-wide effects, neutral loci are targeted.
These gene regions are not under local selection, and therefore are better for studying
population demography. Since neutral loci are not under local adaptation, they are at the
will of demographic events such as genetic drift and gene flow (Black 1V et al. 2001).
Using neutral loci in an overall genetic analysis allows better identification of

demographic processes acting on our populations of interest.

Analyzing population genomics can be done using multiple methods, including
the use of microsatellites. Microsatellites are small snippets of a genome that are highly
repetitive. Because of their neutral nature, they are popular as genetic markers for
studying population demography (Edwards and Bensch 2009, Zink et al. 2013, Hodel et
al. 2017). They also show high levels of polymorphism, requiring little time to show
significant genetic divergence from a parent population (Ellegren 2004). Originally, one
of the major hurdles in using microsatellites as genetic markers was the difficulty in
locating even relatively small numbers of microsatellites (Hodel et al. 2017). New
sequencing methods have helped alleviate this, as more genetic polymorphisms are now
able to be located through next-generation sequencing (NGS), making analysis more

efficient and cost-effective (Schuster 2008).



As genome sequencing continues to be refined, new methods of sequencing are
being developed and popularized. One category of analytical methods growing in
application is restriction site associated DNA sequencing (RADseq). As opposed to
microsatellites, the loci analyzed by RADseq tend to have relatively low mutation rates.
Notably, RADseq is an improvement in the sheer number of polymorphic loci it can
identify. One RADseq analysis can examine thousands of different loci across a genome
(Andrews et al. 2016). RADseq targets snippets of DNA within these loci. These can be
compared to a reference genome or another sample to identify single nucleotide
polymorphisms (SNPs). These are small base pair changes used to quantify genetic
difference. RADseq has become a useful tool in identifying these differences between
populations and identifying the effects of demographic evolutionary processes (Andrews
et al. 2016). These methods can be applied in biocontrol to monitor invasive species

spread, understand natural enemy management, reveal seasonal pest movements, etc.

(Schmidt et al. 2020; Sethuraman et al. 2020; Fu et al. 2020).

This is well shown in a study by Schmidt et al. (2020) on the movement of two
invasive mosquitos, Aedes aegypti and Aedes albopictus. The study analyzed 480
different mosquitos from 27 locations across the Indo-Pacific and compared their
genetics to make inferences about their movement patterns using RADseq. They found
that the most differentiated populations of A. aegypti were those separated by large
geographic distances. Contrastingly, A. albopictus was found to have multiple accounts
of long-distance colonization, with access to human transportation pathways being a
primary factor in genetic similarity. Although both species are believed to utilize human

transportation pathways, this suggests differences in the dispersal behavior of these two



species. With this new information, stronger and more precise methods for controlling the

spread of these invasive mosquitos can be developed (Schmidt et al. 2020).

Similarly, a study by Swaegers et al. (2015) used population genomics to examine
the range expansion of the damselfly Coenagrion scitulum. By examining the genomes of
populations near the edge of their range with those toward the center, they were able to
find large amounts of genetic differentiation in edge populations. Edge populations were
significantly different from core populations, and edge populations were greatly
differentiated from each other. This seems to suggest multiple range expansion events,
prompted by evolutionary adaptation by the damselfly to tolerate conditions outside of its
usual range (Swaegers et al. 2015). This same idea can be applied to pest species.

Understanding range expansion of a pest can be used to inform biocontrol decisions and

identify areas in danger of invasion.

Movement of invasive species is not just long-term range expansion.
Understanding the short-term movement patterns of invasive insects is also critical to
effective control. In Fu et. al (2020), population genomics were used to identify refuge
habitat of potato psyllid, Bactericera cockerelli (Sulc), an important crop pest. These
psyllids were using non-crop hosts to preserve their populations during the off-season of
their summer host, potato. RADseq was used to confirm that the same populations of
psyllid that were feeding on potato crops were also utilizing Lycium spp. during the off-
season. Other populations of potato psyllid were found to only feed on Solanum
dulcamara year-round and were not as often found on potato crops. Although these two
genetic clusters are visually identical, one is an important crop pest, and the other is not.

The differences between them were only able to be identified through genetic methods.



By working on controlling Lycium spp. (an invasive plant), potato psyllid populations
may not be able to preserve their populations into the next season. This would be a huge

step forward in the control of potato psyllid (Fu et al. 2020).

In addition to learning more about invasive insects, population genomics can help
us to better understand biocontrol agents. Understanding the movement capabilities of a
biocontrol agent can inform researchers of the species’ ability to independently disperse,
and therefore the importance of reintroduction and refuge. Fu et al. (2021) used this
concept in a genetic study of the beneficial entomopathogenic nematodes Heterorhabditis
bacteriophora and Steinernema feltiae. Using RADseq, Fu et al. studied the population
genomics of these nematodes and mapped their relatedness across geographic distance.
Geographically close populations tended to be more similar than distant ones, but many
distant populations did appear closely related. This could be due to the occasional long-
distance dispersal of nematodes through movement of infected soil by farm equipment or
animals (Shapiro et al. 1999). By understanding the movement patterns of these
nematodes, we can better cater farm management practices toward their preservation as a

biocontrol agent (Fu et. al 2021).

Population genomics is not without limitations. After identifying genetic
differences between populations, it can be hard to account for all the possible roots of this
variation. Not only are time and space significant factors, but agricultural lands also can
differ widely from one another in terms of management practice and landscape structure,
potentially affecting genetic divergence (Pelissie 2018). To account for this would be
difficult, and many genomic studies will just focus on one or a couple factors (Pelissie

2018). Regardless, even with these limitations, population genomics holds great potential.



Understanding movement of species is important for any biocontrol endeavor, but
gain urgency when pests begin to evade current control efforts. This is the case for the
silverleaf whitefly, Bemisia tabaci. B. tabaci is a major pest that can feed on over 600
plant species, transmitting a multitude of plant viruses, and causing additional economic
loss through honeydew excretion (Navas-Castillo et al. 2011, Oliveira et al. 2001).
Overall, they are estimated to cause hundreds of millions of dollars in damage annually in
the southern United States alone (Li et al. 2021). In Georgia, whiteflies are especially
dangerous to tomatoes, snap peas, and cucurbits due to diseases such as leaf crumple
virus (snap beans and cucurbits), yellow stunting disorder (cucurbits), tomato yellow leaf
curl virus (Solanaceous plants), and tomato chlorosis (Solanaceous plants) (Dutta et al.

2018).

As global temperatures increase, the effects of whitefly infestation could heighten,
as increased temperatures were found to decrease whitefly development time (Chandi et
al. 2021). Additionally, some plant viruses vectored by B. tabaci may be able to increase
their range and virulence under warmer climatic conditions (Varma et al. 2011, Ramos et
al. 2019). Insecticide control is often used to suppress B. tabaci, but large genetic
diversity and short lifecycles make B. tabaci capable of quickly generating insecticide
resistance (Horowitz et al. 2020, Horowitz et al. 2007). B. tabaci is believed to be a
complex of species or biotypes, with some having high resistance to multiple pesticide
groups including neonicotinoids and pyrethroids (Horowitz et al. 2020). Since these
species and biotypes are cryptic, it can be difficult to predict which pesticide is the best
fit for an infested field (Horowitz et al. 2020). This makes biocontrol of B. tabaci critical,

and multiple effective natural enemies of whitefly have been shown to already be present

10



in the United States (Kheirodin et al. 2020). The hemipteran families Geocoridae and
Anthocoridae are considered particularly effective in whitefly control (Kheirodin et al.

2020; Vandervoet et al. 2018).

Maintenance of Anthocoridae and Geocoridae populations in agriculture have
been shown to benefit from the use of cover cropping, presence of refuge habitat, and
decreased agrochemical use (Fernandez et al. 2008, Olson et al. 2018, Abbate et al.
2022). However, knowledge on movement behaviors and capabilities of these predators
is limited. Depending on the movement patterns of these groups, recolonization of
agricultural lands after disturbance may be more or less likely to occur. If Geocoridae and
Anthocoridae are limited in their movement across landscapes, maintenance of strong

populations within agricultural sites becomes more critical for sustained biocontrol.

Using population genomics, we can identify these movement patterns of both
Anthocoridae and Geocoridae. This can inform landscape management decisions to
sustain consistent biocontrol of B. tabaci on agricultural land pre- and post-disturbance. If
populations of Anthocoridae and Geocoridae have similar genetic diversity across
geographic distance, it can be inferred that populations disperse regularly. Should even
small distances create large genetic divergences, dispersal may be limited. Similar
methods have been used to evaluate movement of entomopathogenic nematodes (Fu et al.
2021) and the potato psyllid, Bactericera cockerelli (Fu et al. 2020). This study focuses
on cotton crop systems due to the economic importance of B. tabaci to the cotton industry
as well as the historical use of cotton by B. tabaci as source habitat for dispersal to other

crops (Oliviera et al. 2001).
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CHAPTER 2

SCIENTIFIC MANUSCRIPT

Introduction

Agricultural fields are highly disturbed habitats, with frequent tillage, insecticide
sprays, and other disruptions that are harmful to natural enemies. Conservation biological
control seeks to mitigate this harm by providing shelter and supplemental food for
predators and parasitoids. For example, at the local scale, growers might practice cover
cropping (Fernandez et al. 2008), supplementation of floral resources (Ramsden et al.
2015), or beetle banks for predator shelter and overwintering (Collins et al. 2002). At the
landscape scale, presence of natural habitat and increased landscape complexity in the
areas surrounding cropland are believed to increase natural enemy abundance and
persistence (Thies et al. 2003; Bianchi et al. 2006). While conceptually simple, it is
perhaps surprising how often conservation biological control schemes fail to measurably
enhance natural pest control. At the landscape scale, a long list of reasons have been
proposed for why biocontrol might fail to improve with growing diversity of regional
habitats. These include the lack of efficient predators in the region, cropland providing
more important resources than natural habitat to predators and parasitoids, and

insufficient proximity of natural habitat to the cropland (Tscharntke et al. 2016). At either

12



local or landscape scales, it is clear that predator movement patterns will play a key role

in determining whether conservation biological control will be effective.

Unfortunately, tracking movement of predators, as with other insects, can be
challenging. In rare cases, predators are large enough to effectively use mark-recapture
methods, such as the marking of mantids with UV -resistant ink (Linn and Griebeler
2016). Other methods use fluorescent dust to mark large numbers of insects (Zolubas and
Byers 1995) or through distinct antibodies as immunomarkers (Hagler 1997). Regardless,
the small size of insects makes sufficient recapture difficult (Osborne et al. 2002). Often
studies that have found success either marked huge numbers of individuals (Schneider
1999), or focused their recapture efforts only a short distance from the initial capture site
(Zolubas and Byers 1995). Molecular approaches can also be used to study insect
movement (Osborne et al. 2002). Some species can be traced in their geographic origin
using stable isotopes, as is the case with some syrphid flies (Clem et al. 2022).
Microsatellites have also been used to study long-distance movement of some insects
such as lady beetles (Sethuraman et al. 2015). However, it can be difficult to track fine-
scale differences through these methods, and identifying appropriate molecular markers
and microsatellites for analysis can be time-consuming (Osborne 2002; Zane et al. 2002).
Population genomic methods utilizing broader comparisons in overall genetic
differentiation can remove the need for specific markers (Fu et al. 2020; Schmidt et al.
2020). For example, in Fu et al. (2021), restriction site-associated DNA sequencing
(RADseq) was used to compare genetic differentiation in entomopathogenic nematodes.

Through this study, a clear relationship between geographic distance and genetic

13



differentiation was found, along with evidence suggesting that long-distance dispersal of
these nematodes might have occurred through infested farm equipment.

Geocoris and Orius spp. are broad generalists that feed on a diversity of soft-
bodied arthropod prey in addition to doing some plant feeding (Crocker and Whitcomb
1980; Hernandez 2010). These predators can be remarkably abundant in agricultural
fields, suggesting that they readily recolonize following tillage or insecticide sprays
(Ramachandran et al. 2002; Sivakoff 2012). This in turn infers ready movement from
other habitats, but the scale and frequency of dispersal by these predators have rarely
been studied. Geocoris spp. have been shown to disperse up to 4000m, though recapture
rates at this distance were very low and it can be hard to draw strong conclusions based
on these low rates (Sivakoff 2012). Most movement studies on Orius spp. focus more on
their movement between cropping systems than over significant distance, with each of
these studies only spanning a few hundred meters (Ramachandran et al. 2002; Hayashi et
al. 2020). Genetic approaches to tracking predator movement allow study of movement
across much larger distances (Osborne 2002). By comparing the genetic differentiation
between populations, we can infer whether populations across large distances are
regularly interbreeding.

Here, we used population genomics to study genetic differentiation between
populations of Geocoris punctipes (Say) and Orius insidiosus (Say) to better understand
their dispersal capabilities and movement behaviors across the Southeastern United
States. Our core hypothesis was that, because these predators are relatively small with no
known migration patterns, predators collected from geographically distant sites would be

genetically different.
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Methods

Sample Collection

Cotton plots were sampled from 10 university research centers, chosen as
sampling locations due to their managers’ willingness to participate in the research.
These sites were located across Georgia and into Florida, Alabama, and South Carolina
(Figure 1). Geocoridae and Anthocoridae were collected at each location, with Geocoris
punctipes and Orius insidiosus as representative species due to their prominence within
test sites. Sampling was capped at 3 hours per location using a combination of sweep
netting and beat sheeting, with a goal of collecting at least 10 individuals of each species.
Specimens were aspirated into collection tubes and transported in ice boxes to prevent
DNA degradation. Samples were then stored in 70% ethanol and kept in a freezer at -

20°C. Sampling was done from September to early October before cotton harvest.
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Figure 1. A map of the 10 research and education centers used for collection of O.
insidiosus and G. punctipes.

DNA Extraction

DNA was extracted for up to 10 individuals from each site for both G. punctipes
eocoridae (N =100) and O. insidiosus (N = 86). Extractions were performed using the
DNeasy Blood & Tissue kit (Qiagen, Germantown, MD). Individual specimens were
placed in 1.5ml microcentrifuge tubes with 180 ul ATL buffer. For G. punctipes, samples
were crushed using sterilized pestles until sufficiently pulverized. For O. insidiosus,
specimens were removed from the tube and dissected in 15 pl of the ATL buffer to better
fragment the sample, as the small size of O. insidiosus rendered pestling ineffective. This
mixture was then added back to 165 pl of ATL remaining in each sample tube. Extraction

followed kit protocol, with an additional elution to increase DNA yield. DNA yield was

16



measured using a Qubit 4.0 Flourometer (Thermo Fisher Scientific). Geocoris punctipes
extractions were largely successful, and concentrations averaged around 20ng/pl with a
50ul elution. Orius insidiosus averaged around 3ng/ul in a 50l elution. Sequencing is

most successful with at least 100ng of DNA, roughly what the O. insidiosus extractions

produced.

Sequencing and Analysis

Samples were sent to SNPsaurus (Eugene, OR) for sequencing. SNPsaurus
performed NextRAD sequencing for G. punctipes because of its relatively larger genome,
and whole genome sequencing for O. insidiosus due to its relatively smaller genome.
NextRAD sequencing uses the Nextera reagent (Illumina, San Diego, CA) to fragment
DNA and attach adaptors to fragment edges to allow amplification of sequences.
Sequences from both species were trimmed using BBTools (http://jgi.doe.gov/data-and-
tools/bbtools/) to filter out Nextera adapters and sequences of low quality (Phred quality
<20). There were 8 reads sequenced for both G. punctipes and O. insidiosus. These reads
were then aligned and variants called using BBTools. Loci missing >25% of the
genotypes were removed from the sample set. A reference genome from NCBI was used
for O. insidiosus (Bioproject PRINA633727). Since there was no reference genome
available for G. punctipes, a de novo reference genome was created from our samples for
sequence alignment. Using BBTools, the data was formatted in a ‘variant call format’
(VCF) containing SNPs across samples, as well as the chromosome and position data of
each SNP. In total there were 45,979 SNPs identified in G. punctipes and 13,675 SNPs

across O. insidiosus samples.

17



Since our study is interested in genetic drift between populations caused by
geographic isolation, loci under local divergent selection were filtered out of our dataset.
Using the R package ‘qvalue’ (Storey et al. 2022), we could identify loci in our VCF that
were likely under local selection through a multivariate analysis looking for outlier
regions with high rates of variation for specific loci. Once identified in R, these loci were
removed from the dataset using VCFtools (Danecek et al. 2011). After filtering there

were 43,323 SNPs in G. punctipes and 13,497 SNPs in O. insidiosus.

Using VCFtools, we calculated the pairwise fixation index (Pairwise FST) for
each 2-site comparison, totaling 45 unique combinations. Pairwise FST quantifies genetic
differentiation between sites by comparing the number of SNPs between individuals of
the same site with SNPs of individuals from different sites. More SNPs between
individuals of different sites than the same site supports genetic differences between
populations, and a higher FST means greater genetic differentiation between sites. We
then calculated euclidean distance between each site using Google Earth satellite imagery
(Google 2001). Genetic distance between sites was compared to geographic distance
using a Mantel test through the r package ‘ade4’ (Dray and Dufour 2007). We also used a
principal components analysis (PCA) in R using the ‘poppr’ package (Kamvar et al.
2014) to find factors in the VCF that could explain some of the variance seen in our data.
This would allow us to find potential groupings of populations that may not be directly

tied to geographic distance.

18



Results

Genetic Relatedness and Geographic Distance

We found no significant correlation between genetic relatedness and geographic
distance between collection sites for Geocoris or Orius. Mantel tests showed an

observation of .136 and p-value of .217 for Geocoris (Figure 2), and an observation of

.058 and p-value of .366 for Orius (Figure 3).

G. punctipes Mantel Results
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Figure 2. Results of the Mantel test for G. punctipes showing the relationship between

genetic relatedness (pairwise FST) and geographic distance (km) between sites.
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O. insidiosus Mantel Results
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Figure 3. Results of the Mantel test for O. insidiosus showing the relationship between

genetic relatedness (pairwise FST) and geographic distance (km) between sites.

The principal components analysis revealed no significant groupings of
populations by genetic similarity for either G. punctipes (Figure 4) or O. insidiosus
(Figure 5). Although some individuals from sites along the edges of our sampling region
appear to be slightly more genetically distinct (such as those from Florida (U) and South
Carolina (D)), they are not statistically significantly different. Overall, no populations

show remarkable differentiation from one another for both G. punctipes and O.

insidiosus.
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PCA Analysis G. punctipes
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Figure 3. Results of the PCA for G. punctipes show no differentiation or grouping between
populations when analyzing for potential factors influencing variation in the dataset. Each

color indicates a different population. Overlapping of individuals across populations

indicate little differentiation within principal components.
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PCA Analysis O. insidiosus
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Figure 5. Results of the PCA for G. punctipes show no differentiation or grouping
between populations when analyzing for potential factors influencing variation in the

dataset. Each color indicates a different population. Overlapping of individuals across

populations indicate little differentiation within principal components.
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Discussion

The ability of a biocontrol agent to regularly disperse into new habitats can create
increased opportunities for pest suppression (Ives and Settle 1997, Bianchi et al. 2009).
Although O. insidiosus has previously been shown to move short distances within crop
plots (Ramachandran et al. 2002, Hayashi et al. 2020), there is minimal research into their
abilities to disperse across longer distances. Due to the small size of O. insidiosus, we
predicted a lack of long-distance dispersal would create variable structure between
populations. Similarly, little information exists on the movement patterns of Geocoris
species, although they explore their surroundings mainly on foot (Crocker and Whitcomb
1980). Given their terrestrial nature and small size, we again predicted a lack of long-
distance interbreeding between G. punctipes populations, with a pattern of increasing

genetic differentiation as distance between field sites increased.

Both Orius insidiosus and Geocoris punctipes were found to have little to no
genetic drift between populations across our sampling region. The absence of a
correlation between these factors suggests a level of interbreeding between populations to
maintain some homogeneity in neutral loci. The lack of differentiation between
populations in the PCA further support the notion of a well-connected population
network for both species within the Southeastern United States. The presence of a few
genetically distinct Orius individuals in our more distant sites could suggest significant
genetic differentiation just outside our sampling region. However, more data would be

needed to support these claims.

Due to their small size, it is possible Orius achieves long-distance dispersal through air

currents, a behavior shown in other insects such as whiteflies (Byrne 1999) and
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scales(Greathead 2009). Though larger and heavier than Orius, Geocoris may also
benefit from these air currents during flight. Despite their terrestrial nature, they are

surprisingly adept fliers, having been collected at over 1,000 feet in the air (Glick 1957).

Consistent long-range dispersal of these predators may allow them to better
recolonize agricultural plots after disturbance, such as chemical application. Early
recolonization of agricultural fields by natural enemies is critical in suppression of pest
species, as long gaps between recolonization allow pest populations to grow unchecked
(Costamagna et al. 2015, Ives and Settle 1997). To confirm their ability to recolonize
post-disturbance, further research into the short-distance movement and habitat choice
behaviors of these species should also be examined. By furthering our understanding of

their movement behaviors, we can better educate spraying protocol and local landscape

management to maximize control while preserving healthy natural enemy populations.

Another round of analysis is planned to include individuals from states farther
north and Geocoris from their western range in Utah to examine population genomic
structure on a larger scale. Should these populations be reproductively isolated, genetic
drift would be expected, with higher pairwise FST as distance increases. Overall, our
results to-date suggest a remarkably high frequency of long-distance movement of these
two predatory bugs across the southeastern US. This increases support of G. punctipes
and O. insidiosus as important natural enemies that can rapidly colonize agricultural
fields after disturbance, even when those fields are quite distant from natural vegetation
or other refuge sites. Clearly, our finding of broad panmixis across the southeastern US
suggests that additional research into these two predator species’ movement is greatly

needed.
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The results of this study are consistent with predators commonly moving large
distances across landscapes, and regularly interbreeding. There are other studies using
these methods that have found genetic differentiation across populations for a variety of
reasons. Fu et al. (2021) used a similar population genomics approach in their study of
entomopathogenic nematodes. Nematodes appear to be so restricted in their movement
that even geographically close populations might be expected to have a high degree of
genetic differentiation, and while this was generally true the collection of distantly related
nematodes at the same site suggested an unexpected ability of the worms to move large
distances (albeit rarely). The study by Fu et al. in (2020) on potato psyllid also found
genetic differentiation across populations, but these populations appeared to be divided
by host plant, not geographic distance. Another study looked at the population genomics
of a species of damselfly and found strong genetic differentiation in edge populations
(Swaegers et al. 2015). This appeared to be due to a series of range expansions, creating
genetic bottlenecks in the newly expanded regions. Aedes spp. were also found to be
genetically differentiated across geographic distance (Schmidt et al. 2020). Although
their sampling region was broader, even some geographically close populations of
mosquitoes had levels of genetic differentiation. This could be due to an unknown spatial
or behavioral barrier preventing interbreeding, or the lack of significant dispersal
behaviors in Aedes spp. G. punctipes and O. insidiosus may disperse greater distances
more frequently than these species, creating high levels of homogeneity across

populations.
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Data syntheses have found inconsistencies in the relationship between regional
habitat diversity and enhanced biological control (Ratsimba 2021). While conservation
biocontrol orthodoxy suggests that natural enemies should be more abundant and more
diverse, and biocontrol thus stronger, in fields embedded in diverse landscapes this link is
often not apparent (Karp et al. 2018). Our results suggest this may be due to regular long-
distance dispersal of generalist predatory insects. Many insects are well-known to migrate
great distances such as the monarch butterfly (Reppert and de Roode 2018). These natural
enemies may be moving at such a scale that the surrounding landscape structure around
crop fields holds little weight in their abundance and ability to recolonize post-
disturbance. Other generalist predators have been shown to move significant distances
such as lady beetles (Rankin and Rankin 1980) and syrphid flies (Clem et al. 2022). This
behavior may be more common in insect predators than previously thought, thus
changing how we think about conservation biocontrol and its relationship to predator

populations.
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