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HIGHLIGHTS

e Population genomics can elucidate historical and contemporary population dynamics of natural enemies, their pests, conspecific competitors, and parasitoids.
e Demographic models based on genomic data can enhance understanding of trophic level interactions across species.
o In this paper we present a proof of concept using population genomic techniques to complement ecological studies of population dynamics across trophic levels.
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In this paper, we focus on the application of population genomics, including next-generation sequencing and
demographic modeling, to enhance the understanding of historical and contemporary trophic level interactions
that are a fundamental basis of biological control. We outline how the integration of ecological approaches with
population genomics and demographic modeling can provide additional insights into existing trophic in-
teractions and how natural enemies, their parasitoids, and pest species evolve through these interactions,
potentially affecting future levels of biological control. We briefly review and summarize our recent population
genomic studies of predatory ladybird beetles and discuss how our results provide guidelines for the use of
population genomics techniques and population demographic modeling to enhance our understanding of trophic
level interactions. Our intent is to demonstrate as a proof of concept, how these methods can supplement
currently used techniques and add a complementary genomic aspect to ecological understandings of trophic level
interactions, including estimates of effective population sizes of natural enemies and pest species, examination of
correlations between these effective population sizes, and evolutionary changes in natural enemies and pest
species which may influence levels of biological control. This in combination with experiments and simulations
provide a well-rounded framework for using population genomics to inform multi-tier trophic level interactions.

1. Introduction

In recent years, advances in the analysis of genomic data have greatly
improved our ability to understand population-level and trophic-level
forces shaping the evolutionary and demographic history of species,
including the robust resolution of population structure, the estimation of
migration rates, both current and historical, and the detection of shifts in
population growth, either through expansions or bottlenecks. While
most often applied to the study of population history over relatively long
time scales (e.g., the effects of Pleistocene glaciation; Moura et al., 2014;
Lanier et al., 2015; Papadopoulou and Knowles, 2015, Lozier et al.,
2023), these methods are now being used to elucidate population history
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and associated parameters on a very recent time scale, sometimes over a
span of just 30-40 generations (Lozier, 2014, McCoy et al., 2014,
Rosenthal et al., 2021). The new power of these methods is fueled by the
tremendous amount of information available in population genomic
data. Plummeting sequencing costs, coupled with the lack of a
requirement to invest substantial time and efforts in developing mo-
lecular markers for each new species under study, place us at the cusp of
developing a new paradigm for improving our understanding of trophic
level interactions of biological control species by using comparative
genomic analyses.

Direct applications of population genetics to biological control
include studies of (a) how local adaptation of biological control
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organisms to their hosts/prey have caused differential fitness, and hence
play arole in their effectiveness in biological control — e.g. Li et al., 2023
(evolutionary adaptations and increased fitness of the invasive Harle-
quin ladybird beetle, Harmonia axyridis as imported biological control
organisms to novel environments and multiple pest species across the
globe), Jones et al., 2024 (evolutionary adaptations to latitudinal vari-
ation in reproductive diapause responses to photoperiod, despite little
population genetic structure in imported and augmented populations of
two co-occurring species of predatory ladybird beetles — Propylea qua-
tuordecimpunctata and Hippodamia variegata), Goolsby et al., 2004
(eriophid mites as natural enemies, adapting to invasive climbing ferns),
Lemausurier and Waage, 1993 — braconid wasp, Cotesia glomerata used
in suppression of Pieris rapae (described in Hufbauer and Roderick,
2005, Hufbauer, 2002), (b) how bottlenecks due to importation of nat-
ural enemies affect their fitness — e.g. reduced fitness in populations
with reduced neutral variation in braconid wasps (Aphidius ervi) —
Hufbauer, 2002, Hufbauer, 2004, meta-analysis of 34 studies — Reed and
Frankham, 2003, Sethuraman et al., 2018 — on recurrent recent bot-
tlenecks in North American populations of Harmonia axyridis, and Hip-
podamia convergens, while demonstrating exponential growth in
populations of Coccinella septempunctata in similar ranges, Sethuraman
et al., 2024 — documenting exponential declines and reduced neutral
diversity in imported and augmented populations of Hippodamia con-
vergens, (c) how pests evolve in response to biocontrol organisms, and
environments — e.g. quantitative genetic variation harbored in pea
aphids against parasitism by A. ervi — Hufbauer and Via, 1999, poly-
genic adaptation to insecticides in the Colorado potato beetle (Lep-
tinotarsa decemlineata) — Crossley et al.,, 2017, coevolution and
sustainability of importation biological control of the invasive walnut
aphid (Chromaphis juglandicola), and its parasitoid, Trioxys pallidus,
resulting in failure of biocontrol in California (Andersen and Mills,
2018).

During the past three decades, examples of other topics in population
genetics that have been examined in relation to biological control
include: manipulation of genetic variation in natural enemies used in
importation biological control (Hopper & Roush, 1993), discussion of
the use of molecular tools in importation biological control (Unruh &
Woolley, 1999), questions related to microevolution in natural enemies
(Hufbauer & Roderick, 2005), detailed examination of the evolutionary
concepts in importation biological control (Roderick & Navajas, 2003,
Navajas & Roderick, 2008), and a dedicated volume of the journal,
Evolutionary Applications, focused on evolution and biological control
(Roderick et al., 2012). All these papers recognize the influence of new
molecular tools on biological control; for example, Roderick et al.
(2012) identified next generation sequencing, computational modeling,
and bioinformatics as approaches that will add to our understanding of
evolution in biological control (summarized in Hufbauer and Roderick,
2005, and in the special issue of Evolutionary Applications (Edited by
Roderick et al., 2012).

Genomic diversity and population structure analysis — Recently, in
Sethuraman et al., 2020, we summarized a range of metrics that can be
used to provide basic estimates of genomic diversity, including observed
heterozygosity, Watterson’s Theta (©), and nucleotide diversity (n) in
both predator, and prey populations. Such measures will allow for
simple, but informative comparisons of diversity between populations
within species, and among species. Similarly, basic measures of popu-
lation differentiation and size change include pairwise F statistics (Weir
and Cockerham, 1984), Tajima’s D, and Fu and Li’s D* statistics (Ramos-
Onsins et al., 2002). Numerous methods exist for these analyses,
including the pegas R package (Paradis, 2010) and DNAsp v.5.10
(Librado and Rozas, 2009). Tajima’s D and Fu and Li’s D* and F* provide
tests of deviation from neutrality and can also serve as indicators of
recent population size change (e.g., bottlenecks due to augmentation,
population expansion due to invasiveness). Both D* and F* are more
sensitive to recent population size expansion (Ramirez-Soriano et al.,
2008), and can help to predict the effects of “invasiveness” in non-native
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species, including natural enemies and their prey.

The following examples of the applications of genomics/de-
mographic modeling demonstrate how these methods provide a deeper
understanding of trophic interactions related to biological control:

1) Understanding of phenotypic and genomic variation — related to
trophic level interactions. Examples: Augmentative releases of Hip-
podamia convergens — (Grenier et al., 2021), Non-native and native
populations of Harmonia axyridis response to prey species — corre-
lated to genomic variants Li et al (2023). Genomic studies can pro-
vide insights into selective factors influencing the populations of
biological control organisms; measure natural selection
Demographic modeling based on genomic studies can be used to
track population dynamics of released species and estimate effective
population sizes. For example, Sethuraman et al., 2018 analyzed
population trends of two released species of predatory ladybird
beetle species and one native species. These studies provide genetic
based population estimates to complement ecological studies. A
second example is the study of Jones et al., 2023, that examined the
population demographic trends and geographical and genomic
structure analyses in two released predatory species — Propylea
quatuordecimpunctata and Hippodamia variegata. This study also
combined genomic and spatial information using the conStruct tool
(Bradburd et al., 2018) to inform patterns of movement and invasive
success.

3) Genomics and phenotypic variation in the Braconid parasitoid,
Dinocampus coccinellae, whose trophic level interaction affects
several species of lady beetle predators has been examined (Vansant
et al., 2019, Sethuraman et al., 2022, Tovar et al., 2022)

Genomic studies of natural enemies that are used in conservation
biological control can provide data to support practices that have a
long-term positive effect on the populations of these natural enemies.
For instance, naturally occurring populations of Hippodamia con-
vergens (native to Western United States) play a role in conservation
biological control across imported and augmented populations of the
species in North America (Sethuraman et al., 2018, 2024, Ang et al.,
2024)

2

—

4

—

The anticipated results from these types of studies will help inform
(1) standing genomic variation and differentiation among populations of
natural enemies and prey species, (2) demographic modeling of popu-
lation sizes and natural selection which serve as key indicators of the
success of biological control and (3) demographic modeling of popula-
tion sizes, and adaptive evolution of pests, which also serves as in-
dicators of potential changes in trophic level interactions.

Demographic model testing — Characterization of population size
changes based on genome-scale data are needed to reach conclusions
underlying the population demography of natural enemies and pest
species. Genomic diversity and population structure analyses can be
used to guide the development of testable population models that will
help infer ancient and contemporary demographic histories of natural
enemies, their prey, and their parasitoids. For example, based on our
population structure analyses across US populations of H. convergens, its
history could be reflective of a model that involves a deep divergence
between eastern and western populations with no successful gene flow
into eastern populations, despite augmentative releases (Sethuraman
et al., 2024). Alternatively, eastern populations could represent a suc-
cessful introduction event into the east from western populations, either
without, or with, further gene flow through augmentative release. A
model-testing approach provides great flexibility in the ability to
explore different scenarios and parameters. For example, we could also
explore a model in which structured populations have resulted from
serial releases, first with an introduction event from a primary source,
followed by another release using individuals from the introduced
population. Such a history could apply to both native North American
species used via augmentative release, and non-native species that were
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initially introduced from Eurasian sources. Finally, we point out that this
model-testing framework does not only have to be used in a geograph-
ically broad perspective, but can also be used to understand the de-
mographic histories of more focused sets of populations. For example,
single populations can be tested for signatures of population expansion
or decline against models that maintain stable population sizes. These
models are of particular utility to the context of biological control in
order to predict successful establishment of imported or augmented
species (e.g., H. convergens), or invasiveness (e.g., Ha. axyridis), in un-
derstanding the local population size fluctuations of aphid species in
response to predation by natural enemies, and adaptations to local en-
vironments, and in modeling demographic history fluctuations of par-
asitoids (e.g. Dinocampus coccinellae) that co-evolve and potentially shift
their hosts in response to range expansion.

As a proof of concept to utilize methods for demographic modeling
based on genomic data to understand fluctuations in effective popula-
tion sizes of species at varying trophic levels, here we performed PSMC
analyses on two sets of whole genomes: (a) competing conspecifics,
Harmonia  axyridis (assembly: icHarAxyrl, NCBI Accession:
GCF_914767665.1, Coccinella  septempuncata (NCBI  Accession:
GCF_907165205.1) collected from overlapping ranges in the United
Kingdom, and (b) the North American native Hippodamia convergens
(assembly: HCon1, NCBI Project: PRJINA1017495) and its parthenoge-
netic parasitoid wasp, Dinocampus coccinellae (assembly: Dcoccl, NCBI
Project: PRINA744197), both collected from Lawrence, KS (JJO pers.
comm.). Briefly, sequencing reads from each of the above projects were
aligned and mapped to their respective reference genomes using bwa-
mem2 v.2.2.1 (Vasimuddin et al., 2019), sorted and consensus-called
using samtools v.1.16.1 (Li et al., 2009), then analyzed using PSMC
(Li and Durbin, 2011). A complete pipeline for these analyses, along
with parameters used are available on the manuscript’s GitHub page.
Results of effective population size variation at different trophic levels
were then generated using the psmc plot tool, using a mutation rate of
3.5x 10'9, as estimated for insect orders (Liu et al., 2017). Fig. 1 shows
the variation in historical effective population sizes (Ne) of conspecific
competitors, Harmonia axyridis and Coccinella septempunctata in the last
100,000 years, replicating declines during the last global glacial cycles,
that has been observed in numerous other species. Interestingly,
C. septempunctata has consistently maintained nearly twice the amount
of genetic diversity, compared to H. axyridis, indicating a higher degree
of competitive success of C. septempunctata. Additionally, we also clearly
observe that periods of decline in Ne of C. septempunctata coincide with
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periods of stable Ne in H. axyridis, and vice versa, indicative of potential
intraguild dynamics in the two competing species over historical time.

Figs. 2(A) and 2(B) are presented separately due to the variation in
generation times between the host species, Hippodamia convergens (~1
generation per year), versus its parasitoid, Dinocampus coccinellae
(~likely 4-5 generations per year), and show the estimated variation in
historical Ne in both species over the last million years. We clearly
observe the small current Ne in D. coccinellae (~1000, Fig. 2(B)), as
expected by its life history of being a thelytokous, parthenogen (with
unfertilized eggs developing into diploid adult females in the absence of
males and sexual reproduction). We also note the multi-trophic declines
in Ne between H. convergens and D. coccinellae over historical time,
reflective of the life history of D. coccinellae, which requires oviposition
into adult hosts to complete its developmental cycle.

We acknowledge that the genomes analyzed above are merely to
provide a proof-of-concept and might not be entirely representative of
the geographical range and genomic diversity of species. We contend,
however, that these analyses are extensible as additional population-
scale genomic data become available for multiple interacting species.
Correlated fluctuations in historical effective population sizes are often
indicative of bio-climactic events that could have influenced evolu-
tionary trajectories of co-occurring and interacting species of commen-
sals, mutualists, parasites, and symbionts (e.g. Nikolic et al., 2020, Lu
et al., 2022, Kozma et al., 2018). However, correlations are not always
causal, and therefore results of PSMC and other related analyses (e.g.
MSMC, SMC++) should be considered with caution. It is also important
to note that estimates of historical effective sizes are scaled with per site
mutation rates, which are often not available for non-model systems
(Mather et al., 2020). We therefore recommend multiple types of ana-
lyses, including simulations (see section below) to delineate both
ancient and contemporaneous evolutionary demographic histories of
species.

Simulations — The last section of this paper highlights building
extensive predictive models and through computer simulations, gener-
ating genome-size data to study predicted genomic diversity, effective
population size trajectories, and adaptive and hybridization potentials.
Population genomic simulations have been heralded as important tools
for understanding and predicting the genome-wide consequences of the
complex interplay between demography and selection (Hoban et al.,
2012). Powerful backward-time coalescent simulation tools generated
for this purpose include ms (Hudson, 2002) and its variations such as
msms (Ewing & Hermisson, 2010), msprime (Kelleher and Lohse, 2020)

H.axyridis
C.septempunctata

Effective population size (x104)
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Fig. 1. Historical variation in effective population sizes (Ne) over time (in years before present, up to 100,000 ybp) in two conspecific, competing species of
predatory lady beetles, Harmonia axyridis (red) and Coccinella septempunctata (green) as estimated using PSMC (Li and Durbin 2011) on single whole genomes of both
species collected from their Eurasian range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 2. Historical variation in effective population sizes (Ne) over (in years before present, up to 1,000,000 ybp) in (A) a host predatory lady beetle, Hippodamia
convergens, and (B) its parasitoid, Dinocampus coccinellae as estimated using PSMC (Li and Durbin 2011) on single whole genomes of co-occurring species collected

from Lawrence, KS, USA.

as well as forward-time simulators including Easypop (Balloux, 2001),
Bottlesim (Kuo & Janzen, 2003), and SLiM (Haller and Messer, 2023),
generate genome-wide haplotypic data under a variety of models,
including those that include eco-evolutionary dynamics at varying tro-
phic levels. Additional models that can be simulated include the speci-
fication of selection regimes (sweeps due to positive Darwinian selection
on adaptive traits, and purifying/background selection against migrant
alleles through augmentation, and intra-guild predation). Data simu-
lated can mimic the size of data normally generated by a genotyping-by-
sequencing (GBS) experiment (of the order of a few thousand SNP’s, a
few hundred haplotypes), or chromosome-scale genome assemblies.
Additional predator—prey dynamics and census/effective size fluctua-
tions can also be simulated to directly complement field experiments.
These simulations form the basis of our ability to (1) analyze changes in
effective population sizes, (2) examine correlations between predator
and prey populations to assess the strength of trophic level interactions,
and (3) provide complementary data on predator-prey population dy-
namics in support of ecological studies.

As a proof of concept of utilizing simulations to understand

contemporary population-scale dynamics of natural predators used in
biological control, here we use fastsimcoal28 (Excoffier et al., 2021) to
estimate recent demographic parameters of two competing conspecific
species in North America — (1) the native lady beetle, Hippodamia con-
vergens from its Western range (Sethuraman et al., 2024), and (2) the
invasive lady beetle Harmonia axyridis from an overlapping range (Li
et al., 2023). Briefly, we (i) estimated the site frequency spectrum from
SNP data generated via genotyping by sequencing by Sethuraman et al.,
2024 and Li et al., 2023, comprised of 9824 SNPs for Hippodamia con-
vergens across its geographical range in the Americas and 7824 SNPs for
Harmonia axyridis across its global range, filtering for genotyping quality
(PHRED Q<33), minor allele frequency (MAF<0.05), Hardy-Weinberg
Equilibrium, and linkage disequilibrium (Benjamini-Hochberg cor-
rected p-value < 0.05), (ii) simulated 10 runs of 100,000 replicate site
frequency spectra under a model of a single-population undergoing a
recent bottleneck, (iii) estimated parameters such as effective popula-
tion sizes pre- and post-bottleneck and time of the bottleneck. Our re-
sults (Table 1) indicate several interesting relationships of these two
competing conspecific species — (a) a smaller current effective
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Table 1
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Effective population sizes (Ne) and times of estimated bottleneck events in native Western United States populations of Hippodamia convergens and co-occurring
invasive United States populations of Harmonia axyridis, as estimated using demographic simulations of the site frequency spectra using fastsimcoal28.

Species/Population Neurrent Nancestral Nbottleneck Thottleneck Maximum Estimated Likelihood Maximum Observed Likelihood
Hippodamia convergens (Native — Western USA) 90,132 1,046,780 130,002 24 —2713.74 —1453.28
Harmonia axyridis (Invasive — USA) 66,888 1,045,541 99,125 40 —2997.03 —1571.91

population size in the invasive H. axyridis, compared to the native
H. convergens — an observation supported by previous studies by Lom-
baert et al., 2011, 2014 which indicate serial founding and bottleneck
events across the invasive range of H. axyridis, and Sethuraman et al.,
2018 which also estimated (b) recent manifold bottlenecks in both
species using microsatellite data, albeit more recent than our estimates
here using genome-wide SNP data (24-40 years, scaled as 1 generation
per year). These estimates of demographic history under a bottleneck
model indicate that H. convergens underwent a recent bottleneck event,
about 24 ybp, while Harmonia axyridis underwent a bottleneck around
the time of its introduction to the continental United States, about 40
ybp.

While this analysis presents a proof-of-concept under one biologi-
cally feasible model, we recommend performing simulations under
numerous models (e.g. isolation with migration, allopatry, sympatry,
bottlenecks — described in Sethuraman et al., 2020) to explore more
complex evolutionary scenarios. A detailed list of methods, their
respective assumptions and limitations that can be utilized for simula-
tions under a variety of models is presented in Sethuraman et al., 2020.

2. Conclusion/summary
2.1. Contemporary population dynamics

In this paper we have presented proof of concept examples doc-
umenting how demographic population genomic simulations, in com-
bination with ecologically based experimental studies, can provide a
well-rounded framework to inform trophic level interactions. The ex-
amples presented in this paper expanded upon our recent studies of
three species of predatory ladybird beetles (Coccinella septempunctata,
Harmonia axyridis, and Hippodamia convergens) and the solitary Braconid
parasitoid, Dinocampus coccinellae, that attacks over 50 species of
predatory Coccinellidae.

Previously (Sethuraman et al., 2018) attempted a first-pass at
delineating population genomic diversity and modeling recent popula-
tion size change as indicators of the effectiveness of augmented natural
enemy populations. In North America, the non-native, introduced spe-
cies (Ha. axyridis and C. septempunctata) are expected to be comprised of
populations that are largely admixed (owing to augmentation and
invasiveness, which have been studied previously in these species
(Kajita et al., 2012, Lombaert et al., 2011). These species are expected to
be highly diverse (owing to heterosis, a characteristic of invasive spe-
cies), but with signatures of recent bottlenecks (due to their introductory
history), followed by large-scale population expansions. Based on a
handful of microsatellite and mitochondrial markers, our results indi-
cated complex patterns of population size change and diversity across
Ha. axyridis, H. convergens, and C. septempunctata (Sethuraman et al.,
2018). The former two species showed signatures of massive recent
bottlenecks, while populations of C. septempunctata were estimated to be
growing exponentially across sampled populations in the United States.
Based on those genetic studies and the simulations presented in this
paper, we now have documented contemporary population-scale dy-
namics over approximately the past 40 years for two species of preda-
tory ladybird beetles in North America, the native Hippodamia
convergens and the non-native Harmonia axyridis. These simulations
indicate a bottleneck in North American H. axyridis populations,
approximately 40 ybp, soon after its discovery in the United States.
Additionally, a bottleneck in populations of the native species, H.

convergens was indicated approximately 24 ybp. Additional genomic
data is currently being collected for Coccinella septempunctata that may
provide explanations for its continued increases in population densities
in North America during the past four decades (Sethuraman unpubl.
data).

Several ecologically based studies conducted during the early 2000s
in North America observed declines in local H. convergens populations,
but intraguild predation involving Harmonia axyridis was not one of the
primary causes (Li et al., 2021). When additional genomic data for aphid
prey species from regions overlapping with the genomic data from these
predatory ladybird species becomes available, the possible role of
changes in prey densities could be correlated with the times of bottle-
necks in predator populations (Sethuraman et al., 2018, Bahlai et al
2015a,b). Currently, the basis of our understanding of trophic level in-
teractions is based primarily on population genomic data from predatory
species. Additional genomic data for prey species will enhance our
ability to describe trophic level interactions over contemporary time
scales.

2.2. Variations in ancestral effective population sizes

Analyses of population genomic data from predatory species and
parasitoids attacking these natural enemies over longer periods (thou-
sands of generations) informs our understanding of contemporary tro-
phic level interactions. In this paper we present analyses of ancestral
effective population sizes of (1) C. septempunctata and Harmonia axyridis
from Eurasian populations and (2) Hippodamia convergens and the
parasitoid Dinocampus coccinellae from North American populations.
Even though, C. septempunctata and H. axyridis show similar trends in
decreased effective population sizes over time, C. septempunctata
consistently shows higher genetic diversity and there are observed pe-
riods of time when the effective population size of H. axyridis remains
stable when Ne for C. septempunctata declines. These differences might
reflect species specific predator-prey interactions and responses to
seasonal abiotic factors (Arnold et al., 2023, Hodek et al., 2012a,b).
Similarly, effective population sizes of Hippodamia convergens and the
parasitoid D. coccinellae have declined over time, but these declines are
more closely tied to each other, based on the parasitoid/host
relationship.

Motivated by the abundance of naturally occurring predator—prey
species interactions, biological control provides several advantages for
pest suppression, including increased environmental and human safety
in comparison to the use of chemical pesticides (Bellows and Fisher,
1999). Human-assisted movement, release, and augmentation of insect
parasitoids and predatory insects for the suppression of arthropod pests
represents one of the most effective and profitable practices of pest
management (Hajek and Eilenberg, 2018, O’Neil & Obrycki, 2009). The
optimal use of biological control in pest management systems requires
adherence to regulatory guidelines and consideration of potential non-
target effects (see discussion in Sethuraman et al., 2020).

This current paper highlights the potential for utilizing population
genomic studies and demographic modeling, in conjunction with
ecological studies, to enhance the effectiveness of human-mediated
biological control activities. For example, examination of natural
enemy — host genomes followed by demographic modeling of pop-
ulations in their native ranges, prior to consideration of movement of a
natural enemy to a new region for biological control, can provide in-
sights to historical population trends that may provide additional
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information needed for pre-emptive biological control programs (see
special issue of Biological Control).

Data availability

The whole genomes used in the analyses in this paper include: (A)
competing conspecifics, Harmonia axyridis (assembly: icHarAxyrl,
NCBI Accession: GCF_914767665.1, and Coccinella septempuncata
(NCBI Accession: GCF_907165205.1) collected from overlapping ranges
in the United Kingdom, and (B) the North American native Hippodamia
convergens (assembly: HConl, NCBI Project: PRINA1017495) and its
parthenogenetic parasitoid wasp, Dinocampus coccinellae (Ang et al.
2024) (assembly: Dcoccl, NCBI Project: PRINA744197), collected in
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