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HIGHLIGHTS

e Eastern (Kansas) and Western (California) populations of Hippodamia convergens are genetically structured and phenotypically different.
e Here we test their genotypic and phenotypic variation in utilization of pea aphids in a common garden setting.

e Eastern and Western populations are genetically structured.

e Eastern and Western populations do not outcompete each other in pea aphid utilization.
e Additionally, Eastern, Western, and Hybrid populations do not outcompete each other in pea aphid utilization.
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The convergent lady beetle (Hippodamia convergens) is a generalist natural enemy that is utilized extensively in
augmentative biological control across the United States. Recent studies have pointed to both genetic and
phenotypic differences in Western (California) versus Eastern (Kansas) populations of the species. Here we
investigate (1) genetic population structure, and (2) phenotypic differences in the utilization of pea aphids at

temperatures that resemble the Western United States in (a) Eastern versus Western populations, (b) F1 Eastern
X Western hybrids versus their progenitor populations, and investigate the effects of competition between (c)
Eastern and Western populations. We found no differences in final pupal weight, or the net weight gain ratio
through larval development from the third instar to pupal stage, despite genetic population structure. Our study
points towards plastic response and effectiveness in feeding phenotypes of Eastern and Western populations of
H. convergens, and the absence of hybrid vigor and heterozygote advantages in hybrids.

1. Introduction

Ladybird beetles (also known as ladybugs, Coleoptera: Coccinelli-
dae) are commonly utilized as natural enemies against infestation of
aphids, whiteflies, and scales across the world (Roy and Wajnberg,
2008). In North America, the convergent lady beetle, Hippodamia con-
vergens is the most common native species of coccinellids used in both
introduction and augmentative biological control (Bjgrnson, 2008).
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Western populations disperse into the Sierra Nevada Mountains to form
large overwintering aggregations (Wheeler and Cardé, 2014). These
large concentrations of adults make the Western population easily sus-
ceptible to unregulated collections, which are then sold to farmers or
home gardeners and released across the United States (Obrycki and
Kring, 1998; Sethuraman et al., 2015).

Recent population genetic studies of H. convergens across their range
in the continental United States have revealed the presence of at least
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two structured geographic populations termed Western and Eastern
populations (Sethuraman et al., 2015). H. convergens within their
designated Western and Eastern populations in the United States have
likely adapted to varying natural conditions, including pathogens and
parasitoid cycles. These populations have also previously been shown to
have differences in developmental histories, overwintering behavior,
and reproductive diapause (Hagen, 1962, Obrycki and Tauber, 1982,
Obrycki et al., 2001). Research from Obrycki and Tauber (1982) show
that unlike Western populations of H. convergens, Eastern populations
develop slower during warmer periods in early spring, but faster later in
spring. Despite their differences, Eastern and Western populations are
able to hybridize with each other without any known reproductive
barriers (Obrycki et al., 2001). Many coccinellid beetles are multivol-
tine, producing two or more broods within a year which would allow
these beetles to mate before migrating back to their respective sites
(Koch and Hutchison, 2003). Augmenting populations by bringing
Western and Eastern populations together can result in hybrids, which
could potentially increase the fitness of the hybrid population, a phe-
nomenon that is commonly described as ‘hybrid vigor’ (Seko et al.,
2012). However, no comparative studies of the utilization of aphids by
Western, Eastern, or hybrid populations of H. convergens under native or
nonnative climates have been conducted. This type of study is needed to
quantify the potential levels of aphid biological control resulting from
augmentative releases of the Western populations of H. convergens when
the Eastern population of H. convergens is present.

Biological control, while providing effective control of agricultural
pests, comes at the cost of, or is affected by several non-target effects.
Transportation and augmentation of H. convergens populations has also
led to the movement and spread of arthropod pathogens and parasitoids
(Bjgrnson, 2008). Studies have been conducted in California to docu-
ment the effects of native augmentative releases of H. convergens (Flint
et al., 1995; Flint and Dreistadt, 2005). However, little is known about
the effectiveness of transporting Western collected populations of
H. convergens throughout the United States. This augmentation process is
particularly of interest in the context of hybrid vigor, or heterosis — or
the increased fitness and adaptive potential of recent hybrids from
different structured populations (Birchler et al., 2006). Heterosis has
previously been observed in several biological control species, including
increased lifetime fecundity in F2 hybrids from an Italian and a Swiss
population of the beetle species Longitarsus jacobaeae (Sziics et al.,
2012), and increased survival and fecundity in hybrid lines of the lady
beetle, Harmonia axyridis Pallas (Seko et al., 2012). Controlled hybrid-
ization and lab crosses have also been suggested as a potential method
for effective biological control (Hoy, 1986).

The objective of this study is to understand the effectiveness of
human mediated augmentation of predatory H. convergens from the
Western population on the Eastern population, and how potential
competition between Eastern and Western populations might differen-
tially affect levels of biological control. Does hybridization between the
two inbred populations increase the ability of removing pests in agri-
cultural use due to hybrid vigor? Using both Eastern and Western pop-
ulations of H. convergens lady beetles found in the United States, as well
as F1 Eastern x Western hybrids, we address the following questions: (1)
Do inbred Eastern and Western populations differ in their effectiveness
of utilization of pea aphids?, (2) Are F1 Eastern x Western hybrids more
effective at the utilization of pea aphids than their progenitor pop-
ulations?, and (3) Is there an effect from competition between Eastern
and Western populations? Previous studies have shown that the adult
body weight of H. convergens beetles are positively correlated with
fecundity and the number of aphids consumed during larval develop-
ment (Kajita and Evans, 2010; Obrycki et al., 2001).

2. Methods

We addressed the above questions by (1) assessing the pupal weight
and weight gain by use of a net weight gain ratio (Final weight — Initial
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Weight/Initial Weight) of genetically disjunct Western and Eastern
larvae when placed individually on aphid bearing plants (2) raising F1
Eastern x Western hybrid larvae to assess their pupal weight and net
weight gain ratio when individually placed on an aphid bearing plant,
compared to the pupal weight of the Western and Eastern populations
under the same conditions, and (3) assessing the pupal weight and net
weight gain ratio of Western, and Eastern beetles when one beetle from
both populations was placed on the same plant. Additionally, we
ascertain genotypic differences between Western and Eastern pop-
ulations of H. convergens using microsatellite genotyping and analyses of
population structure.

2.1. Controlled greenhouse crosses

H. convergens were raised from field collected beetle egg masses from
Kansas (provided by JP Michaud, Kansas State University), representing
the Eastern population of the species. The Western population of
H. convergens were field collected from adult aggregations on Palomar
Mountain in San Diego County in Southern California. Beetles were
raised on frozen or live pea aphids (Acyrthosiphon pisum), which were
reared on fava bean plants (Vicia faba), in a greenhouse at California
State University San Marcos, San Marcos, CA. The greenhouse temper-
atures had an average high temperature of 27.7 °C and average low
temperature of 16.3 °C from January to May 2019, average daylight of
12.02h (10.16-13.55 h), and 50-70% of relative humidity. Western and
Eastern populations were started from approximately 45 individuals,
and were inbred for > 5 generations of brother-sister matings before
beginning experimental crosses. At least 5 Eastern virgin females were
crossed with Eastern males, and at least 5 Western virgin females were
crossed with Western males for the within population crosses. Similarly,
at least 4 virgin Eastern females were crossed with 4 Western males, and
4 virgin Western females with 4 Eastern males to make F1 Eastern X
Western hybrids, to decouple the possible effects of sex-biased direc-
tional gene flow. Mating pairs were allowed 48 h to mate, after which
the males were separated, and females were fed pea aphids ad libitum,
and allowed 48 h to lay egg masses. Once the egg masses were laid,
females were removed, and egg masses were collected in preparation for
the experimental assays.

To assess for competition, biocontrol efficacy, and hybrid vigor, a
common-garden setup was utilized. A fava bean plant (~10 cm in
height, 2 week old sapling, with 7 & 1 leaves) was placed in a 2 L plastic
bottle with a cut-out black mesh window. Third instars from the crossing
experiments were separated into individual cups, and starved for 24 h
prior to the beginning of our assay. After 24hrs, 0.050 + 0.003 g of
aphids (approximately 50 aphids) were placed inside each bottle and
allowed approximately 3-12 h to settle and infest the fava bean plant.
Thereon, third instar H. convergens larvae of similar weight (average
difference for all pairs was 0.003 g + SE 0.0005, average initial weight
for all individuals was 0.006 g + SE 0.0006) were weighed using an
analytical balance and then placed inside the following treatment bot-
tles: 1) 1 Western larva, 2) 1 Eastern larva, 3) 1 F1 Eastern X Western
hybrid larva, 4) 2 Western larvae, 5) 2 Eastern larvae, 6) 2 F1 Eastern x
Western hybrid larvae, and 7) 1 Western larvae with 1 Eastern Larvae
which were painted with acrylic paint to determine the individuals.
Treatments 1-3 were used to assess phenotypic differences between
Western, Eastern, and F1 Eastern x Western hybrids without competi-
tion. Treatments 4-6 were used as a control to see that there was no
difference when two individuals of the same population competed
versus no competition in treatments 1-3. Treatment 7 was used to assess
phenotypic differences when Western and Eastern larvae interacted with
one another.

Larvae were then weighed every other day with an analytical balance
until pupation, where the weight of the pupa would be the final weight
recorded (approximately 8 days). On the fourth day, fava bean plants
inside the bottles were watered, and another approximate 0.050 g of pea
aphids were placed inside each bottle to ensure each fava bean plant still
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had aphids, and that all larvae had ad libitum access to food. The ex-
periments were repeated until eight sets of replicates were completed
from March-May 2019. Results from treatments where larvae had gone
missing or died were eliminated from statistical analyses.

2.2. Statistical analyses

Performance of Eastern, Western, and hybrid populations of
H. convergens was assessed using the beetles’ final pupation weight, and
weight gain as a ratio (Final weight — Initial Weight/Initial Weight) as a
proxy for fitness. A mean net weight gain was calculated, when it was
not possible to distinguish individuals in conspecific larval replicates.
All statistical analyses were performed using R (version 3.6.3). For each
test, if the data was not normal, a log or square root transformation used.
Bartlett’s tests of homogeneity of variances were performed to ensure
homoscedasticity of observations across all treatments. One-way
ANOVAs were then performed (Table 1, and 2) to test the following
hypotheses: 1) The Western population of H. convergens is better at pea
aphid utilization than the Eastern under climate conditions that mimic
the Western United States, 2) Due to hybrid vigor, the F1 Eastern x
Western hybrid population will be better at utilizing pea aphids than
both the Eastern and Western population, and 3) in the competition
assay, a Western H. convergens larvae will show greater pupal weight and
net weight gain compared to an Eastern H. convergens larva. Addition-
ally, we performed non-parametric ANOVA’s (Kruskal-Wallis one-way
ANOVA’s) to test all the above hypotheses.

2.3. Population genetic structure

To assess the population structure of Western and Eastern pop-
ulations that were used in this study, we performed genotyping at six
polymorphic microsatellite loci sensu Sethuraman et al., 2015. 5 Western
and 6 Eastern adult beetles from the study were flash frozen with liquid
nitrogen and whole genomic DNA was extracted using Qiagen DNeasy
Kits using the manufacturer’s protocol. The six microsatellite loci used
in this study were developed and characterized previously by Sethura-
man et al., 2015 (Table 3). Individual PCR’s were performed using the
KAPA Taq ReadyMix PCR Kit (Kit code KK1006) in a final total volume
of 25 uL containing 144.2 + 31.5 ng of genomic DNA, 1X KAPA Taq
ReadyMix at 1.5 mM MgCl,, and 0.3 pM of each primer (fluorescently

Table 1

One-way ANOVA results when comparing final pupal weight of single larvae,
and competing larvae, of Western, Eastern, and F1 Eastern X Western hybrid
larvae of H. convergens. For all statistical tests pupal weight was used, and
Shapiro-Wilks test indicated normal distribution. All statistical tests were per-
formed using R (version 3.6.3).

Groups compared* df SS MS F Pr(>F)
1,2,and 3 (2,21) 9.59E—-06 4.79E—-06 0.467 0.633
4,5, and 6 (2, 45) 1.62E-05 8.11E-06 0.553 0.579
1, and 4 1, 22) 2.98E-05 2.98E-05 3.304 0.083
2, and 5 1, 22) 1.11E-06 1.11E-06 0.058 0.812
3,and 6 1, 22) 6.08E—07 6.08E—-07 0.052 0.822
7 W, and 7E 1,14) 3.36E-05 3.36E—-05 2.133 0.166
4,and 7 W 1, 22) 2.44E-05 2.44E-05 2.121 0.159
5,and 7 W 1, 22) 3.80E-06 3.80E-06 0.179 0.676
4, and 7E 1, 22) 2.44E-05 2.44E-05 2.121 0.159
5, and 7E 1, 22) 2.26E—-05 2.26E—-05 1.059 0.315

*Group Description:

1 - Western larva with no competition.

2 - Eastern larva with no competition.

3 - F1 hybrid larva with no competition.

4 - Western larvae competing

5 - Eastern larvae competing.

6 - F1 hybrid larvae competing.

7W - Western larva competing with Eastern larva.
7E - Eastern larva competing with Western larva.
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Table 2

One-way ANOVA results when comparing the net weight gain ratio of lone
larvae, and competing larvae, of Western, Eastern, and F1 Eastern X Western
hybrid larvae of H. convergens. Weight gain ratio (Final weight — Initial Weight/
Initial Weight) was used for all statistical tests, and data were transformed and
normalized when applicable for every statistical test. Bartlett’s test indicated
homogeneity of variance for all groups. All ANOVAs, Shapiro-Wilks, and Bar-
tlett’s tests were performed using R (version 3.6.3).

Groups Transformation df SS MS F Pr
compared* >F)
1,2, and 3 Log(weight gain 2, 0.055 0.027 0.248 0.783
ratio + 1) 21)
4,5, and 6 Square root 2, 0.368 0.184 0.335 0.719
(weight gain ratio 21)
+1)
1, and 4 Square root a, 0.005 0.005 0.008 0.932
14)
2, and 5 N/A 1, 0.278 0.278 0.048 0.830
14)
3,and 6 Log 10 a, 0.204 0.204 1.389  0.309
12)
7W,and 7ZE N/A (1,14) 1.108 1.108 0.372  0.552
4,and 7 W Log 10 a, 0.060 0.060 0.379 0.548
14)
5,and 7 W N/A a, 3.133 3133 1.027 0.328
14)
4, and 7E Log(weight a, 0.270 0.270 2.574 0.131
gainratio + 1) 14)
5, and 7E N/A 1, 7.967 7.967 1.767 0.205
14)

*Group Description:

1 - Western larva with no competition

2 - Eastern larva with no competition

3 - F1 hybrid larva with no competition

4 - Western larvae competing

5 - Eastern larvae competing

6 - F1 hybrid larvae competing

7W - Western larva competing with Eastern larva
7E - Eastern larva competing with Western larva

Table 3

Non-parametric one-way ANOVA’s using Kruskal-Wallis tests when comparing
the net weight gain ratio of lone larvae, and competing larvae, of Western,
Eastern, and F1 Eastern X Western hybrid larvae of H. convergens. For all sta-
tistical tests, untransformed, non-normal (Shapiro-Wilks Tests, P > 0.05) weight
gain ratio (Final weight — Initial Weight/Initial Weight).

Groups compared* df Chi-squared p-value
1,2, and 3 2 0.095 0.954
4,5, and 6 2 0.155 0.925
1, and 4 1 0.044 0.834
3, and 6 1 0.176 0.674
4,and 7 W 1 0.276 0.600
4, and 7E 1 1.864 0.172

*Group Description:

1 - Western larva with no competition

2 - Eastern larva with no competition

3 - F1 hybrid larva with no competition

4 - Western larvae competing

5 - Eastern larvae competing

6 - F1 hybrid larvae competing

7W - Western larva competing with Eastern larva
7E - Eastern larva competing with Western larva

labeled using 6-FAM dye set on the 5 end of the forward primer). PCR
reaction conditions were as follows: 95 °C for 3 min followed by 35
cycles at 95 °C for 30 s, 30 s at primer specific annealing temperatures
(see Table 4), and 72 °C for 20 s and a final extension period at 72 °C for
20 s. PCR products were then visualized on a 2% agarose gel to ensure
quality of bands. Samples with high quality amplicons were then gen-
otyped via capillary electrophoresis at Retrogen (San Diego, CA) using
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Table 4
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List of primers, allele sizes, and population genetic summary statistics of each locus used in the microsatellite analyses to deduce population structure of Eastern and
Western populations of H. convergens. Loci that fail the chi-squared test of HWE (P < 0.05) are shown in boldface.

Locus HWE test p- Allele Annealing Temp # Forward Primer Reverse Primer Repeat Type
Name value Size in'C Alleles

Hev7 0.11 189-223 57.3 3 AGTAGGTATTGGGGCACCTG AATAGGTCCAGTTCGCCAGA Dinucleotide
Hevl7 0.27 123-126 54.1 3 AGGAGATGTCAAAAGGATAAATTGG TGTTTATTCTGCTGTTGTGTCTG Dinucleotide
Hevl5 0.64 209 57.1 2 ATGGGTGAGGTTCCTCGTG TCTTTCTTGTTAGCTCTTCTTCGG Dinucleotide
Hev4 0.19 142-152 56.1 4 ACCACTTATGTCTTGCAAACCC TTCCTGGTGTCGTAATCGTG Dinucleotide
Hcvl3 <0.05 163-170 54.8 4 AGTTAGAAAAGAAAGACCTTTTGCC CAGCCTGTGCTACCTCTCC Dinucleotide
Hcev30 <0.05 156-164 54.4 5 CACTGATAAGCCAATAACTAAACTTGA TGGAGTTGAAATAGATGTATGAAAAT Dinucleotide

the Life Technologies’ DS-33 dye set and GS600LIZ size standard for
sizing fragments of length 20-600 bp.

2.4. Microsatellite data analysis

All raw fragment files were analyzed using ABI PeakScanner v.1.0
and genotypes were ascertained by three independent reviewers, to
minimize bias. These genotypes were then analyzed for model-based
population structure using three sub-sampling methods: (1) using all
114 North American beetles from the study of Sethuraman et al., 2015,
and the 11 individuals from this study, (2) using all 46 individuals from
California, Kansas from the study of Sethuraman et al., 2015, and the 11
individuals from this study, and (3) using only the 11 individuals from
Western (CA) and Eastern (KS) from this study. We utilized the mixture
and admixture models in MULTICLUST v.1.0 (Sethuraman, 2013), with
50 replicate runs under each of the subsampled schemes above, varying
the number of subpopulations from K = 1 to 10. The “true” number of
subpopulations in each sampling scheme and model was then inferred
using the Akaike Information Criteria (AIC). Population structure was
then visualized using stacked bar plots of admixture proportions (here
denoted as “Ancestry”).

We also used the G-test of genotypic differentiation (Goudet et al.,
1996) implemented in the Genepop v.1.1.7 package in R (Rousset, 2008)

to test the null hypothesis that genotypes from all loci are sampled from
the same populations. P-values obtained from tests of genotypic differ-
entiation were then corrected for multiple testing using the Benjamini-
Hochberg method, and significance ascertained. Additionally, we esti-
mated population-pairwise differentiation (measured as Weir and
Cockerham’s Fg; — 1984) between each population pair using Genepop.

Genotypes were also converted into the GENIND format and
analyzed for population structure using DAPC (Jombart et al., 2010)
using the R package adegenet (Jombart and Ahmed, 2011). The number
of presumed subpopulations or clusters (commonly denoted by K) was
varied from K = 1 to 10, and the optimal number of subpopulations
explained by the data were assessed using the Bayesian Information
Criterion (BIC) reported by the adegenet package. Population structure
was then visualized using stacked bar plots of admixture proportions
(here denoted as “membership probability™).

3. Results
3.1. Competition experiments
In all treatments, H. convergens larvae molted successfully and pu-

pated into adults. Data was transformed if needed and Shapiro-Wilks
tests indicated no deviation from normality (P > 0.05) for all data sets
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Fig.1. Distribution of pupal weights of larvae with no competition, and competition of F1 hybrids, Eastern, and Western larvae.
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used for ANOVA. Bartlett’s tests of homoscedasticity indicated homo-
geneity of variance across all treatments (P > 0.05). Outliers did not
have a significant effect on the results, and were not excluded from the
statistical tests (Figs. 1, and 2). The difference between pupal weight of
the larvae when individually placed on pea aphid bearing plants was not
statistically significant between the Western, Eastern, and F1 hybrid
populations (d.f. = 2, F = 0.467, and P = 0.633, Table 1), nor was it
statistically significant for the net weight gain (d.f = 2, F = 0.247, and P
= 0.783, Table 2). There was no statistical difference between pupal
weight of a single individual vs pupal weight of competing individuals
from the same population in Western, Eastern, or F1 hybrids (d.f. =1, F
=3.304,P =0.083,df=1,F = 0.058, P = 0.812, and d.f. = 1, F =
0.052, P = 0.822 respectively, Table 1), and the net weight gain showed
no difference as well (d.f. =1, F=0.008, P = 0.932,d.f. =1, F = 0.048,
P =0.833,and d.f. =1, F =1.133, and P = 0.302 respectively, Table 2).
Furthermore, both pupal weight, and the net weight gain ratio of within-
population competitions showed no difference between Western,
Eastern, competing with a Western individual when placed on the same
plant also bore no statistical significance for pupal weight or the net
weight gain (d.f. =1, F =0.213,P = 0.166, and d.f. =1, F = 0.372,P =
0.552 respectively, Table 1 and 2). Non-parametric Kruskal-Wallis tests
for all hypotheses indicated conclusions, with the null hypotheses being
accepted at an uncorrected p-value cutoff of 0.05 across all treatments
(Table 3).

3.2. Population structure

Two loci (Hevl3 and Hcv30) failed chi-squared tests of Hardy-
Weinberg Equilibrium (P < 0.05, Table 3, Supplementary Table S1,
52). Nonetheless, since analyses of population structure using MULTI-
CLUST utilize deviations from HWE to obtain subpopulation admixture
proportions and allele frequencies, all genotyped loci were included in
further analyses.

All our sub-sampling schemes (only populations in this study, only
California and Kansas populations from Sethuraman et al., 2015 and this
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study, and all North American populations from Sethuraman et al.,
2015, in combination with populations from this study) across both
mixture and admixture models obtained the “true” number of sub-
populations across MULTICLUST runs at K = 2 (See Fig. 3 A-C). Under
sampling schemes 1 and 3, the Western (CA) and Eastern (KS) pop-
ulations utilized in this study were clustered into separate sub-
populations under the mixture model (Fig. 4A, E). Estimates of
population genetic structure adegenet revealed the separation of our
field-sampled Eastern (Kansas) and Western (California) populations
into K = 3 subpopulations, when analyzed by themselves (Fig. S1).
Importantly, the Western population was classified as a unique sub-
population, compared to the Eastern population, which was further split
into 2 subpopulations (Fig. S1). Additionally, the Western (CA) in-
dividuals in this study clustered together with individuals from the
Californian populations from Sethuraman et al., 2015, and the Eastern
(KS) individuals in this study clustered together with individuals from
the Kansas populations from Sethuraman et al., 2015. However, under
sampling scheme 2 (Fig. 4C), and the admixture models (across all three
sampling schemes — Fig. 4B, D, F), and the adegenet analyses under
sampling scheme 2 (Supplementary Fig. S2) the Western (CA) and
Eastern (KS) populations from this study were determined to be derived
from the same ancestral subpopulation.

Pairwise tests of population differentiation rejected the HO of geno-
types being sampled from the same distribution across all populations
between our Eastern (KS) and Western (CA) populations (P = 0.01), with
an estimated pairwise Fg of 0.88 (Table 5). Genepop analyses of Fg
determined that our sampled Eastern population (KS) had a very low
estimated Fgi < 0.02 with the Kansas Lawrence and Manhattan pop-
ulations of Sethuraman et al., 2015. Similarly, the Western (CA) popu-
lation from this study was estimated to have a very low Fy < 0.00 with
the California populations from Sethuraman et al., 2015. These obser-
vations serve to establish the premise of expected genotypic differences
between our populations.
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Fig. 2. The distribution of net weight gain ratio of larvae with no competition, and competition of F1 hybrids, Eastern, and Western larvae.
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Fig. 3. Akaike Information Criterion (AIC) for clustering (A) All North American populations of H. convergens from Sethuraman et al., 2015, and this study, (B) Only
California and Kansas populations from Sethuraman et al., 2015, along with Western (CA) and Eastern (KS) populations from this study, and (C) Only Eastern (KS)
and Western (CA) populations from this study into one of K = 1-10 populations. All AIC estimates show support for a model with K = 2 subpopulations.

4. Discussion

Several species of terrestrial arthropods are utilized extensively as
natural enemies against common agricultural pests and invasive species,
and are estimated to result in billions of dollars in agricultural savings
across the globe (Coombs et al 1996; Huang et al., 2018). Within the
United States, beneficial insects provide over 50 billion dollars worth of
services and 4.5 billion is attributed to biological control organisms
known as natural enemies (Landis and Gardiner, 2008). Natural enemies
can have lasting effects by establishing populations in the introduced
ranges for long term recurring utilization of crop pests (Enkerli et al.,
2004). Oftentimes, biological control involves introducing non-native
species into a new range (Dodd, 1959), which interact with a diverse
array of intra- and inter-specific competitors (Evans 1991). Quantifying
their effectiveness is therefore of great importance to biological control
programs (Tauber and Tauber, 1975, Evans, 1991).

Within the United States, it is common practice to transfer pop-
ulations of Western H. convergens to the Eastern United States to control
aphid pest infestations. This augmentative biological control can lead to
hybridization of Eastern and Western populations (Sethuraman et al.,
2015). When genetically structured populations hybridize the hybrid
progeny are known to exhibit physical traits and behavioral phenotypes
that confer greater fitness than their progenitor populations (Seko et al.,
2012, Li et al., 2018). Both Eastern and Western populations are known
to migrate over large geographical distances, however it is unknown if
mating occurs between the populations during migration, and if the
populations return to their previous locations (Sethuraman et al., 2015).
This was further elucidated by analyzing the population genetics of our
Eastern and Western populations. Our analyses clearly separate our
Eastern and Western populations of H. convergens into unique clusters

(Table 5, Fig. 4A, E) under MULTICLUST’s mixture model (assuming
that all genotypes in an individual are derived from one of K sub-
populations), further bolstered by (a) high population differentiation
between our Eastern and Western populations (Fst = 0.88 — Table 5), (b)
rejecting the HO of Eastern and Western genotypes being derived from
the same population (P = 0.01 — Table 5), (c) low differentiation (Fst <
0.00 - Table 5) between our Western population and the California
populations of H. convergens from Sethuraman et al., 2015, and (d) low
differentiation (Fst < 0.02 — Table 5) between our Eastern population
and the Kansas Lawrence and Manhattan populations from Sethuraman
et al., 2015.

Despite our Eastern and Western populations being genetically
structured into separate populations when compared to each other, we
did not find a significant difference in aphid utilization between F1
hybrids nor Eastern or Western populations (P > 0.78). However, pop-
ulation structure analyses under the admixture model (i.e. assuming that
genotypes within each individual can be derived from one of K sub-
populations - Fig. 4B, D, E) cannot conclusively rule out the absence of
hybridization between our Eastern and Western populations owing to
them structuring together with other previously analyzed Californian,
and Kansan populations. However, we acknowledge that these patterns
could be artifacts from running genotype re-analyses using disparate
datasets. Regardless, all PCR’s, genotyping, and analyses were per-
formed on similar instruments using identical protocols to minimize
erroneous conclusions. These findings therefore indicate that the
apparent lack of phenotypic differentiation in larval utilization could
very well be an artefact of our sampling design, in that our Western and
Eastern populations could have been admixed at the time of sampling.

Our findings show that the significant phenotypic differences be-
tween Eastern and Western populations of H. convergens in the United
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Table 5
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Lower diagonal - estimates of pairwise population differentiation (Weir and Cockerham’s Fst) between all North American populations of H. convergens from the study
of Sethuraman et al., 2015, and the Eastern (KS) and Western (CA) populations from this study. Upper diagonal — Benjamini-Hochberg corrected P-values from exact
tests of the G statistic (Goudet et al., 1996), testing the HO that all genotypes were derived from the same population, with significant P-values shown in boldface.

Population Arkansas  Arizona  California  California Georgia  Iowa Kansas Kansas Kentucky  Oklahoma  Eastern - Western -
(A) (e8] ) Kansas California
(ThisStudy) (This Study)

Arkansas 0.002 0.000 0.000 0.008 0.039 0.010 0.088 0.071 0.001 0.000 0.000
Arizona 0.228 0.094 0.115 0.019 0.002 0.608 0.038 0.064 0.023 0.000 0.000
California 0.077 —0.006 0.035 0.009 0.000 0.015 0.353 0.154 0.000 0.000 0.000
California(A) —0.080 0.260 0.086 0.011 0.000 0.007 0.191 0.006 0.000 0.000 0.000
Georgia 0.034 0.208 0.056 0.007 0.046 0.066 0.110 0.110 0.000 0.000 0.000
Towa 0.141 0.155 0.018 0.129 —0.011 0.109 0.047 0.409 0.012 0.000 0.000
Kansas(L) 0.188 0.036  —0.040 0.186 0.080 —0.018 0.759 0.996 0.700 0.000 0.002
Kansas(M) 0.036 0.069  —0.073 0.013 —0.051 —0.087  —0.065 0.541 0.033 0.000 0.000
Kentucky —0.190 —0.068  —0.327 —0.305 —0.087 —0.091 —0.090 —0.423 0.141 0.020 0.011
Oklahoma —0.047 0.136  —0.044 —0.061 —0.066 —0.037 0.015 —-0.118 —0.448 0.000 0.000
Eastern - 0.032 0.266  —0.230 —-0.173 —0.262 —0.351 0.020 —0.540 0.282 —0.419 0.010

Kansas (This

Study)
Western - —0.033 0.107  —0.055 —-0.115 0.244 0.358 0.337 0.056 0.426 0.012 0.881

California

(This Study)

States (Obrycki et al., 2001), become irrelevant in the warmer western
conditions, suggesting that importation of beetles to the West, from the
East would not lower effectiveness as a biocontrol agent. Evidence of
differences in photoperiodic responses have been observed in beetle
populations that have not adapted to their local environment, which can
result in slower developmental cycles when compared to populations
that are native to the area (Obrycki et al., 2018). This response to
photoperiods has also been shown to be heritable, indicating that
augmentation and importation may also affect the ability for future
generations of the introduced population to compete with native pop-
ulations (Reznik et al., 2017). Similarly, differences in temperature re-
gimes in newer environments could also lead to a difference in
reproductive diapause between populations, that can cause introduced
populations to develop at a slower rate than the native population
(Wang et al., 2013).

Although our results indicate that no disadvantageous or advanta-
geous effects in the control of pea aphids may occur when larvae interact
with one another when provided with access to excess aphids; when
beetle larvae were starved for 24 h together, the larger and older instars
were found to feed on younger instars. Intraspecies/guild predation is
well documented in lady beetles, especially when there is a large size
difference between larvae and adults on larva or eggs (Bayoumy and
Michaud, 2015, Agarwala and Dixon, 1992). We paired most of the
larvae to be in their third instar stage, and were approximately similar in
size and weight, although 7/32 pairs had a difference in weight of more
than double the weight of the smaller individual. However, some larvae
escaped, or disappeared from the tent, putatively indicating intraspecific
predation. This data was subsequently removed from the study so as to
not bias our statistical analyses.

In summary, there were no significant phenotypic differences be-
tween our Eastern, Western, or F1 hybrid populations of beetles, as in-
dividuals, or paired, in their effectiveness of utilization of the aphid crop
pests (Table 1 and 2). We acknowledge that these experiments were
conducted in a greenhouse with semi-regulated temperatures in South-
ern California, an environment which does not mirror the environment
of the Eastern Region of the United States. The similarities between
Eastern and Western individuals could hence be attributed to testing at
higher, Western temperatures in Southern California. Further studies
should thus measure the rates of utilization of aphids at lower temper-
atures that mimic the Eastern Region of the United States. These studies
would allow a better understanding of the environmental effects on
introduced, or augmented populations of H. convergens in the colder
versus warmer regions of the United States. Additionally, future exper-
iments addressing competition between Eastern and Western

H. convergens would provide useful information in determining the ef-
fects of human augmentation of Western lady beetles to Eastern
populations.
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