bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Rapid wing size evolution in African fig flies (Zaprionus indianus)
following temperate colonization

Weston J. Gray", Logan M. Rakes'’, Christine Cole', Ansleigh Gunter', Guanting He',
Samantha Morgan', Camille R. Walsh-Antzak’, Jillian A. Yates', Priscilla A. Erickson'

Department of Biology, University of Richmond, Richmond, VA, USA
equal contributions

T corresponding author:

Department of Biology, University of Richmond

138 UR Drive, Richmond, VA, 23173

perickso@richmond.edu

Running head:

Rapid evolution in invasive Z. indianus

Data Availability Statement:

All raw phenotyping data used for analysis has been deposited on Dryad at:
https://doi.org/10.5061/dryad.qaank98sxp. Code used for analysis and plotting is

available on Zenodo via the above link, and a backup copy can be found on Github:
https://github.com/ericksonp/Zindianus_phenotyping_2022

Author contributions:

Conceptualization: PE

Data curation: WG, LR

Formal analysis: WG, LR, PE

Investigation: WG, LR, CC, AG, JH, SM, CW, JY, PE
Supervision: PE

Visualization: WG, PE

Writing-original draft: PE, WG, LR

Writing-reviewing and editing: PE, WG, LR, CW, JY

Funding:

This work was funded by NIH award # 1R15GM146208-01 to PE and startup funds from
the University of Richmond.


mailto:perickso@richmond.edu
https://doi.org/10.5061/dryad.gqnk98sxp
https://github.com/ericksonp/Zindianus_phenotyping_2022
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.
Conflict of Interest:
The authors have no competing interests to declare.
Acknowledgments:
The authors thank the owners and managers of the orchards and parks we visited for

permission to collect flies. We thank Alan Bergland and members of the Bergland lab for
helpful feedback on this project.


https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Abstract

Invasive species often encounter novel selective pressures in their invaded range, and
understanding their potential for rapid evolution is critical for developing effective
management strategies. Zaprionus indianus is an invasive drosophilid native to Africa
that reached Florida in 2005 and likely re-establishes temperate North American
populations each year. We addressed two evolutionary questions in this system: first, do
populations evolve phenotypic changes in the generations immediately following
colonization of temperate environments? Second, does Z. indianus evolve directional
phenotypic changes along a latitudinal cline? We established isofemale lines from wild
collections across space and time and measured twelve ecologically relevant
phenotypes, using a reference population as a control. Z. indianus evolved smaller
wings following colonization, suggesting early colonizers have larger wings, but smaller
wings are favorable after colonization. No other phenotypes changed significantly
following colonization or across latitudes, but we did see significant post-colonization
changes in principal components of all phenotypes. We documented substantial
laboratory evolution and effects of the laboratory environment across multiple
phenotypes, emphasizing the importance of controlling for both possibilities when
conducting common garden studies. Our results demonstrate the potential for rapid
adaptation in Z. indianus, which could contribute to its success and expansion
throughout invaded ecosystems.
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Introduction

Invasive and introduced species often adapt rapidly to their new environments,
facilitating their spread and potentially exacerbating their ability to harm the native
ecosystem, agriculture, or human health (Prentis et al. 2008; Whitney and Gabler 2008;
Borden and Flory 2021). Many documented cases of evolution in invasive organisms
come from invasions that are decades or even centuries old. For example, California
poppies, which were introduced to Chile in the nineteenth century, are larger in the
invasive range (Leger and Rice 2003). Cane toads, introduced to Australia in 1935,
have evolved skeletal changes that facilitate more efficient dispersal, accelerating the
rate of range expansion (Phillips et al. 2006; Hudson et al. 2016). Marine copepods
have repeatedly evolved physiological tolerance to fresh water in multiple invasions
over the past 200 years (Lee 1999). Less is known about evolution in the immediate
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aftermath of an invasion, though some studies have documented evolution of invasive
species on shorter time scales. For example, less than 20 years after colonization,
invasive populations of speckled wood butterflies showed differences in body size and
wing morphology in a common garden experiment (Hill et al. 1999). However, relatively
few studies have tested for rapid evolution in the generations immediately following
colonization of a new environment. Understanding the potential for adaptation early in
invasions would enhance our understanding of rapid evolution in natural populations
and might inform management strategies to mitigate the impacts of invasive species.

The rapid establishment of geographic clines in the invasive range can reflect
adaptation to local environmental conditions that vary across the cline. For example,
Medicago polymorpha has evolved a latitudinal flowering time cline in North America
that mirrors the cline found in its native range in Europe (Helliwell et al. 2018). The fruit
fly Drosophila subobscura evolved clines in wing morphology and body size within 20
years of colonizing North America, and both clines match those found in the native
range (Huey et al. 2000; Gilchrist et al. 2001). Thus, environmental gradients across
latitudes can create selective pressures that lead to rapid local adaptation and
differentiation within the invasive range. Latitudinal clines for a variety of fithess-related
and morphological traits are described in both North America and Australia in natural
populations of the model organism D. melanogaster (Flatt 2020). D. melanogaster was
introduced to both continents within the last several hundred years (David and Capy
1988), so these studies provide a template for the types of traits that might evolve
rapidly in other introduced insects.

The African fig fly, Zaprionus indianus (Gupta), is a unique drosophilid model for
studying invasion biology because it likely re-invades temperate habitats across a
latitudinal gradient in North America each year. Z. indianus was originally introduced to
the western hemisphere in Brazil in 1999 (Vilela 1999) and then spread northwards into
central and North America, reaching Florida by 2005 (Linde et al. 2006). It was first
detected in Virginia in 2012 and has reached as far north as Minnesota, Quebec, and
Ontario (Renkema et al. 2013; Holle et al. 2018). Although Z. indianus primarily feeds
on a wide variety of decaying fruits (Lachaise et al. 1988), it is a pest of figs (EFSA
Panel on Plant Health (PLH) et al. 2022) and potentially a pest of soft-skinned fruits like
raspberries (Pfeiffer et al. 2019; Allori Stazzonelli et al. 2023). Z. indianus appears to
lack cold tolerance (Pfeiffer et al. 2019): it is first detected later in the summer than
related drosophilids, and it disappears earlier in the fall (Rakes et al. 2023).
Sub-freezing temperatures likely cause local extirpation of the population each year,
followed by re-colonization the following year. In some locations, Z. indianus is found in
one year but not the next, suggesting these populations are not permanently
established and recolonization is idiosyncratic (Holle et al. 2018; Gleason et al. 2019;
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Rakes et al. 2023). Z. indianus reaches sexual maturity approximately 16 days after egg
laying (Nava et al. 2007), suggesting that several (4-5) generations likely occur between
its establishment in temperate locations in July and its extirpation in November (Rakes
et al. 2023). Furthermore, despite an initial bottleneck, Z. indianus populations in
eastern North America maintain surprisingly high levels of genetic diversity (Comeault et
al. 2020, 2021) and a wide thermal niche breadth (Comeault et al. 2020). This high level
of genetic diversity combined with a short generation time raises the possibility that Z.
indianus might evolve rapidly following recolonization of temperate environments.
Adaptation could potentially fuel further expansion of the species or establishment of
permanent populations; therefore, understanding the mechanisms and extent of
adaptation is important to informing its management as a potential pest.

Other drosophilids undergo rapid evolution in response to seasonal changes over
short time scales, informing the potential for rapid evolution in Z. indianus. In temperate
environments, fly populations undergo several generations of reproduction as the
seasons change from spring to summer to fall, and the changing environment imposes
selection that influences the genetic makeup of the population (Bergland et al. 2014).
This selection alters fitness-related phenotypes, reflecting the classical life history
tradeoff between survival and reproduction. Populations in the summer adapt to high
resource availability and favorable conditions for population growth, whereas
overwintering populations have traits that favor survival over reproduction. For example,
in D. melanogaster, stress tolerance, reproductive traits, and immune function all vary
seasonally (Miyo et al. 2000; Schmidt and Conde 2006; Dev et al. 2013; Behrman et al.
2015, 2018). Wing morphology also changes throughout the growing season (Tantawy
1964; Onder and Aksoy 2022). Based on these findings, we hypothesized that
morphological, stress tolerance, and life history traits might also evolve over the course
of a single growing season as Z. indianus responds to temperate environments
following invasion.

Common garden experiments are a standard approach to test for genetically
determined phenotypic variation. One challenge for common gardens, especially those
conducted on samples separated in time, is to mitigate any potential effects of
adaptation of the study organism to the laboratory environment (Hoffmann and Ross
2018). For example, D. melanogaster rapidly evolves reduced stress resistance when
reared in laboratory culture (Hoffmann et al. 2001). A second potential complication is
unintended variation in assay conditions (Moloney et al. 2009; Suckow and
Tirado-Muhiz 2023). For example, seasonal changes in cold hardening and cold
tolerance in field-caught populations of D. melanogaster also occurred in a lab-reared
control population, suggesting the variation observed was due to unintentional
differences in rearing or assay conditions (Stone et al. 2020). Two possible
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experimental strategies are generally proposed: controlling and minimizing the number
of generations in the lab (resulting in samples being assayed at different times with
potentially different assay conditions) (Behrman et al. 2015; Rudman et al. 2022), or
assaying all individuals at the same time under common assay conditions (but after a
different number of generations in the lab) (Ueno et al. 2023). Both approaches have
the potential to capture variation that does not reflect true biological variation of the
original populations. Therefore, using carefully controlled studies that account for
possible adaptation to lab culture and/or potential variation in assay conditions is
essential to accurately document temporal phenotypic changes in natural populations.

In this study, we used a common-garden approach to compare morphological
and life history traits between wild-derived Z. indianus collected across space (a
latitudinal gradient in eastern North America) and time (a single temperate growing
season). We collected flies early and late in the growing season from two orchards in
Virginia in 2022 and from four North American locations spread across ~15° latitude.
Using carefully controlled laboratory experiments and a reference population, we
specifically sought to test three hypotheses:
1) Z. indianus undergoes rapid phenotypic evolution following colonization of
temperate environments
2) Z. indianus exhibits local adaptation of phenotypes along a cline stretching from
Florida to Connecticut
3) Z. indianus evolves rapidly under laboratory culture conditions
Our results suggest that Z. indianus evolves rapidly in the field but also adapts rapidly in
laboratory culture, suggesting a high evolutionary potential in this invasive species with
pest potential. Our findings also highlight the importance of rigorous controls in temporal
experiments due to unintended variation in laboratory conditions that can influence
phenotypes.

Materials and Methods
Experimental design and timeline:

We tested for post-colonization (early vs late season) and spatial (latitudinal) variation in
Z. indianus phenotypes by collecting wild flies from orchards, rearing them in the lab as
isofemale lines for 3-4 generations, and comparing phenotypes across seasons and
locations (Figure 1). Because the early and late flies were captured and assayed
approximately three months apart from one another, we also wanted to control for
potential variation in the lab environment or assay conditions that could impact our
phenotypic measurements. We included a highly inbred line as a control that was
phenotyped alongside every batch (Olazcuaga et al. 2022). This line should be
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genetically uniform and phenotypically consistent across generations; any changes in
the phenotype of this line over time are likely phenotypically plastic responses to
variation in the laboratory environment or assay variability.

3-4 generations

August 2022 October 2022 November 2022 - January 2023
F: latitude ate latitude + inbred control
flies captured flies captured flies captured lines assayed
| | | |
| [ I |
2019 ;' November 2022 ————_ February 2023
inbred control '. carly - __ 4 generatos """ -
line generated ! “Hon inbred control """ ----- - ------=-> lab evolution
' lines assayed T inbred control

N eemm T lines assayed

Figure 1: Overview of experimental design and timeline. The diagram
indicates the relative timing of fly capture and experimental assays for the
post-colonization (orange), latitude (gray), and lab evolution (green)
experiments. The post-colonization evolution experiment compares the
phenotypes of isofemale lines captured early and late in the season. The
lab evolution experiment compares phenotypes of lines captured early in
the season after 3-4 generations of lab rearing and 7-8 generations of lab
rearing. The latitude experiment compares lines collected from locations
spanning 15° latitude in North America. The inbred control line (purple)
serves as a reference to test for lab environment or assay variation
between experiments conducted at different times.

Isofemale lines are not genetically uniform and have the potential to evolve as they
adapt to laboratory conditions (David et al. 2005). To measure potential laboratory
evolution in Z. indianus, we randomly chose twelve lines (six from each Virginia orchard)
collected in the early season and re-phenotyped them alongside the lines collected late
in the season (Figure 1, green). Thus, the re-phenotyped lines were kept in the lab for
an additional ~4 generations for a total of ~7-8 generations. Comparing the second
round of phenotyping to the first round of phenotyping allowed us to assess potential
laboratory evolution.

Control line:

The control line was derived from flies originally collected in Charlottesville, VA in
August 2019. The line was inbred with full sibling matings for 10 generations and then
reared in the lab with one generation every 3-4 weeks until the beginning of our
experiments in August 2022. Each major set of phenotyping (early, late, and latitude)


https://www.zotero.org/google-docs/?AIYRdN
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

was separated into two batches which were completed within 14 days of each other;
controls were included in each batch.

Fly collections and isofemale line generation:

All flies were collected by netting or aspirating off of fallen fruit from orchards in the fall
of 2022 (Table 1; see Rakes et al. 2023 for additional collection details). For the
post-colonization evolution experiment, flies were collected in August and November
from two orchards in Virginia, approximately 100 km from each other. For the latitudinal
assay, flies were collected from four locations spanning the eastern United States from
Florida to Connecticut. Upon returning to the lab, we held wild-caught flies in bottles
containing 50 mL cornmeal-molasses medium, a slice of banana, and live yeast for 24
hours to encourage mating. We placed individual females in vials containing 10 mL
cornmeal-molasses media sprinkled with live yeast. After 7 days, we removed the
females and the offspring were reared to adulthood. We recorded the proportion of
females that successfully produced offspring for each collection as the isofemale
success rate. All flies were reared in an incubator at 27°C, 50% relative humidity,
14L:10D light cycle.

Location Latitude, Collection Isofemale line Number of
longitude Date success rate isofemale lines
(total) phenotyped
8/ (169; ﬁo)zz 0.88 (117) 30
Carter Mountain Orchard, 37.991, y
Charlottesville, VA -78.472
11/10/2022 0.29 (100) 19
(late)
8 (167; ﬁo)zz 0.84 (128) 27
Hanover Peach Orchard, 37.572, y
Mechanicsville, VA -77.266
11/9/2022 0.63 (100) 29
(late)
Fruit and Spice Park, 25.525,
Homestead, FL “80.493 10/2/2022 0.81 (200) 18
Hillcrest Orchard, 34.620,
Ellijay, GA -84.373 9/30/2022 0.76 (80) 15
Linvilla Orchard, 39.885,
Media, PA 75410 10/14/2022 0.66 (80) 17
Lyman Orchard, 41.494,
Middlefield, CT -72.730 10/13/2022 0.55 (80) 16
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Table 1: Fly collection details. Isofemale line success rate is the proportion of
wild-caught females that produced at least one offspring in the lab. The number of
isofemale lines phenotyped is the number of lines measured in the pupation time assay;
some lines were not measured for all other phenotypes due to variation in the number of
adult flies obtained. See Rakes et al. (2023) for additional information about collections.

Rearing controlled-density vials:

After 1-2 generations in the lab, we expanded each isofemale line in bottles containing
50 mL media. Prior to collecting eggs for the phenotyping generation, adults were held
in fresh bottles containing fly media, a banana slice, and live yeast for ~3 days to
encourage mating. We then constructed laying chambers using inverted plastic fly
bottles with air holes and a petri dish containing 3% agar and 30% grape juice
concentrate. We added ~200 L of live yeast paste to the agar and allowed flies to
oviposit for 24 hours. After removing adults, the petri dishes were held for 24 additional
hours to allow larvae to hatch. We used a piece of flattened wire to gently extract ~30
first-instar larvae and placed them in a fresh food vial with 10 mL media. Five vials were
collected for each line. We reared at least 12 vials of the control line for each batch, and
control sample sizes were doubled relative to the sample sizes per line described below.
Approximately 3 days after collecting larva, we placed a half circle of Whatman #1 filter
paper in each vial as a pupation substrate.

Phenotypic assays:

Here we briefly describe methods for each phenotypic measurement; full experimental
details are available in the Supplemental Text. Pupation time was measured for three
vials of 30 flies per line as the time in days for first instar larva to reach pupation.
Fecundity was measured in 8 females per line by allowing single female flies to oviposit
on grape agar for 48 hours and counting the number of eggs. In D. melanogaster and Z.
indianus, diapause is characterized as the absence of vitellogenic oocytes in adult
females and is assayed by exposing females to winter-like light and temperature
conditions (Saunders et al. 1989; Lavagnino et al. 2020). We exposed 12 newly eclosed
females per line to 21 days of 12°C, 10L:14D conditions, dissected their ovaries, and
scored diapause as a binary trait using three cutoffs for ovary development (Erickson et
al. 2020). Stage 8 is the beginning of yolk deposition in the oocyte; stage 10 includes a
major developmental checkpoint and enlargement of the oocyte, and stage 14 is a
mature egg ready for fertilization (King 1970; Soller et al. 1999; Mirth et al. 2019). For
each cutoff, a fly was diapausing if no ovarioles had reached that stage and
non-diapausing if at least one ovariole had reached that stage.
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Morphological measurements were made for five males and five females from each line.
We measured thorax length using a reticle on a stereomicroscope and dissected the
right wing of each fly. We imaged the wing and used ImagedJ v. 1.53k (Schneider et al.
2012) to fit an ellipse to the wing margins (Klaczko and Bitner-Mathe 1990;
Bitner-Mathé and Klaczko 1999). We then extracted the major and minor axes of the
ellipse and calculated the length of the major (a) and minor (b) radii. We calculated wing
size as V(ab) (the geometric mean of the major and minor radii) and wing shape as b/a.
Wing:thorax ratio was calculated as wing length (2a) divided by thorax length and is an
inverse proxy for wing loading (Pétavy et al. 1997).

Chill coma recovery time (CCRT) was measured in approximately 6 males and 6
females from each line. We used Trikinetics Drosophila Activity Monitors to measure the
time in seconds for flies to regain locomotion following a 2 hour exposure to 0 °C
conditions. Four days later, we exposed the same flies to 45 minutes at -5 °C to
measure the proportion surviving an acute freeze as freeze tolerance. Starvation
tolerance was measured for 10-20 males and females for each line as the time in days
that flies survived on 1% agar.

Analysis: Post-colonization evolution

All analysis was conducted in R (version 4.3.3) using data.table (Dowle and Srinivasan
2019) for data manipulation and ggplot2 (Wickham 2016) and ggpubfigs (Steenwyk and
Rokas 2021) for plotting. We tested for post-colonization evolution by looking for
changes in phenotype between the early and late season wild-derived flies without
accompanying changes in the inbred control lines. We used linear mixed effect models
implemented in Ime4 (Bates et al. 2015) to analyze the effects of capture season (early
or late) on each continuous phenotype. We used generalized mixed effect models
(GLMM) with a binomial error distribution for the binary traits of diapause and freeze
survival. Fecundity (egg count) was zero-inflated, so we used a negative binomial
mixed-effects model implemented in gimmTMB (Brooks et al. 2017). In most models, we
included control status and season as binary variables and included a season*control
interaction term in the model to test whether any changes in the controls were more or
less extreme than changes in the wild-derived lines. We used the emmeans package
(Lenth 2024) to calculate model-fitted least-square means and standard errors for
plotting.

During initial analyses, we tested for an effect of orchard (Carter Mountain or
Hanover Peach Orchard) as a fixed effect, but it was never significant after Bonferonni
correction (P > 0.05), so we removed it from final models. Sex was always included as a
fixed effect when traits were measured in both sexes. Isofemale line was always
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included as a random effect. Pupation and starvation tolerance data were collected from
multiple replicate vials independently, and vial was included as a random effect nested
under isofemale line. Although each experimental group (early, late, latitude) was
assayed over two batches, we were unable to incorporate batch as a factor in most
post-colonization models as batches were collinear with our temporal sampling and
lacked the recommended number of levels to use as a random effect. Batch was
included as a random effect for both the CCRT and freeze tolerance analysis due to the
additional batches included in those experimental designs. Furthermore, many
experiments were set up over the course of several days because adult flies did not all
eclose at the same time, and we wanted flies to be approximately the same age at the
time of analysis. For some phenotypes, we noticed that the phenotypes we gathered
differed between flies set up earlier in the batch and those set up several days later.
Experiment date was encoded as an integer variable starting with zero for the first day a
given assay was set up within a batch. For assays started across multiple days
(pupation time, diapause, and starvation tolerance), we initially included experiment
date as a fixed continuous effect in the model and, if it was significant, included it as a
random effect in the final model. A full description of models, including explanations for
any exceptions to the analysis framework described above, can be found in the
supplemental text. We determined significant effects of season and latitude using a
Bonferroni correction for the twelve tests performed for each potential effect (a =
0.05/12 = 0.0042). Sexual dimorphism was tested for 7 phenotypes, with a = 0.05/7 =
0.007.

Analysis: Lab evolution

We compared the phenotypes measured in the first experiment (after 3-4 generations of
lab culture) and the second experiment (after 7-8 generations of lab culture) to test
whether phenotypes had evolved in the lab for 12 isofemale lines. We included the
control inbred lines in this analysis. All models were implemented with random and fixed
effects as described above, including assay generation and control (as binary
variables), and an assay generation*control interaction term, with isofemale line as a
random effect.

Analysis: Latitudinal variation

The effects of latitude were modeled with /atitude of the collection locale as a fixed,
continuous effect. We included sex, isofemale line, vial, and experiment date in the
analyses as described above. Latitude experiments were conducted over two batches.
In each analysis, we first tested for a batch effect by including batch as a fixed effect; if
there was no significant effect, we removed it from the model. If there was an effect, we
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included batch in the final model as a fixed effect. Although we assayed inbred control
lines alongside the latitude collections, they were not included in the models testing for
an effect of latitude.

Analysis: phenotypic correlations and principal components

To analyze relationships between phenotypes, we calculated the mean of each trait for
each isofemale line (n = 174) used in the early, late, and latitude analyses (data from
the second time point of the lab evolution experiment were excluded). We then used
these line means to test for phenotypic correlations between traits and describe
phenotypic change in multidimensional space. For correlation analysis, all phenotypes
were compared in a Pearson correlation matrix; we only considered correlations
significant if they passed a Bonferroni correction after testing n = 66 phenotype pairs (a
= 0.05/66 = 0.00076). We plotted correlations using the corrr package (Kuhn et al.
2022).

For principal components analysis, we normalized the isofemale line means with
z-scores for each phenotype. We used multiple imputation with the MIPCA method in
the missMDA package (Josse and Husson 2016) to fill in lines with missing phenotypes.
We then conducted PCA using the imputed phenotype matrix using the prcomp
function. We used one-way ANOVAs and T-tests to test for significant differences in
PCs between experimental groups.

As an alternative strategy to control for lab environment effects, we adjusted for
the phenotypes of the controls prior to conducting correlation and PC analyses. We
calculated the mean phenotype for the controls for each assay round (early, late, or
latitude), and then subtracted that value from every isofemale line mean in that
category. Therefore, each line mean became a measurement relative to the control. We
then performed PCA and correlation analysis as described above using the adjusted
line means.

Results

Post-colonization evolution

After accounting for differences in the inbred control line (lab effects) and correcting for
multiple hypothesis testing, only wing size and wing:thorax ratio (an inverse estimate of
wing loading) showed significant post-colonization evolution (Table 2, Figure 2, Figure

3). Wing size was significantly smaller in wild-derived late season flies (GLMM, P =
0.0007) and was slightly, but not significantly, larger in the inbred control lines assayed
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alongside the late season flies (P = 0.058), with a significant interaction between control
status and season (P = 7.7 x 10”°). Wing:thorax ratio significantly decreased after
colonization in wild-derived lines (P = 3.3 x 107), but did not differ in control lines (P =
0.128, Figure 3). Although not significant after Bonferoni correction, freeze survival
increased later in the season (P = 0.015), and diapause at stage 14 decreased in the
late season (P = 0.015) without significant changes in the controls (P > 0.57). Starvation
time, pupation time, and wing shape all showed significant changes for
post-colonization evolution (P < 0.0026 for all, Table 2), but the changes were in the
same direction as significant changes in the inbred control line (P < 0.0011 for all, Table
2) with no interactions (P > 0.09 for all, Table 2), suggesting they were driven by
inadvertent differences in rearing or assay conditions. See Table S1 for full results from
all models.

* *
| | —_—
0.851 Early
I Late
o 0.801 ¢
N .
w
o
£
=
0.75 A
L
0.70 - : : :
Wild-Derived Lines Lab Evolution Lines Inbred Control

Figure 2: Z. indianus wing size evolves rapidly in the wild and in the
lab. Wing size is the geometric mean of the major and minor radii of an
ellipse fitted to the wing. Early and late describe when the flies were
assayed; for the lab evolution experiment, the same lines were assayed at
two different generations. Points illustrate all individuals measured (n =
1079 total); boxplots show median and quantiles. Asterisks indicate
Bonferroni-corrected P < 0.05 in a mixed effects linear model (see Table S1
for full model results).
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pupation time
CCRT
freeze survival
starvation time
fecundity
diapause st 8
diapause st 10
diapause st 14
wing size
wing shape
wing:thorax
thorax

Temporal experiments

Latitude experiment

Lab Po.st- _ Interaction Lab_ Interaction
, colonization evolution (assay ,
er(r:cl,r:trrrzse)nt evolution (::::;ZZ: Sex (assay generation: Latitude Sex
(wild-derived) generation) control)
<2.0x10® 3.4x10716 0.059 - 3.1x101° 3.5x10* 0.044 -
0.339 0.212 0.7 0.406 7.85x10° 0.546 0.864 0.316
0.57 0.015 0.152 3.5x10* 3.4x10* 0.008 0.818 0.042
9.0x107 1.2x10°" 0.96 3.7x10° 1.0x10° 0.975 0.74 0.534
0.374 0.663 0.264 - 0.392 0.027 0.817 -
0.819 0.327 0.887 - 0.334 0.816 0.245 -
0.979 0.687 0.539 - 0.136 0.239 0.047 -

1 0.015 - - 0.021 - 0.563 -
0.059 7.57x10% 7.73x10°% <2.0x10"® 4.1x10* 3.22x10* 0.06 <2.0x10®
0.001 0.003 0.093 0.012 5.5x10° 0.088 0.809 9.3x10*
0.128 3.37x107 0.375 5.84x10™" 0.037 0.613 0.053 <2.0x10
0.088 0.986 0.089 0.009 0.022 0.007 0.412 0.138

Table 2: P-values for main effects in mixed-effects linear models. Bold text indicates P-values that passed Bonferroni
correction. Dashes indicate effects that were not assessed. See Table S1 and supplemental text for full model information

and results.
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Figure 3: Post-colonization evolution, lab evolution, and lab
environment effects for 12 phenotypes in Z. indianus. The endpoint of
each line shows the least-squared model-fitted mean for each timepoint
and error bars show model standard errors. Wild-derived lines (orange)
were collected in August (early season) and November (late season) and
measured for each phenotype after 3-4 generations of laboratory culture.
Lab evolution lines (green) were collected and measured in the early
season and remeasured alongside the late season flies after several
additional generations in the lab. Inbred controls (purple) are a single
inbred line that was assayed alongside all experimental flies. Bold lines
indicate significant differences between early and late season phenotypes
in mixed-effects linear models after Bonferroni correction (see Table 2;
Table S1).

Lab evolution

Chill coma recovery time and freeze survival both significantly increased with additional
generations of lab rearing (Figure 3, P = 2.96 x 10 and P = 0.00023, respectively), and
there was no accompanying change in the inbred control lines for either phenotype (P =
0.762, P = 0.57, respectively). Wing size significantly decreased with additional lab

rearing (P = 0.00046, Figure 2, Figure 3) and did not differ significantly in the controls (P
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= 0.058). Starvation tolerance, pupation time, and wing shape all significantly changed
between the two assay generations (P < 7.6 x 10 for all, Table 2, Figure 3), but these
changes were accompanied by significant changes in the controls in the same direction
(Table 2), as described in the previous section.

Latitudinal variation
No phenotypes showed significant latitudinal clines after correcting for multiple
hypothesis testing (Figure 4, Table 2), but some notable trends were observed. Wing

size and diapause scored at stage 10 both increased with latitude (P = 0.06, P = 0.047,
respectively), and time to pupation decreased with latitude (P = 0.039).
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8.50 Rl
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T 1700 I von] I I
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Figure 4: Limited latitudinal phenotypic variation in Z. indianus.
Points represent the mean of all individuals from each population for a
given phenotype, and error bars represent standard error of the mean. No
phenotypes showed significant changes with latitude in the final models
after Bonferroni correction.

Sexual dimorphism
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In both the latitude and post-colonization evolution experiments, we found significant
sexual dimorphism for wing size and wing:thorax ratio after Bonferroni correction
(Figure S2), with females having larger wings and higher wing:thorax ratios (GLMM, P <
5.84 x 10™" for each analysis, Table 2). Additionally, in the temporal experiment only, we
observed sexual dimorphism for starvation tolerance and freeze survival, with females
having higher stress tolerance in both cases (P < 0.00035 for both, Table 2). In the
latitude experiment, females had significantly broader wings (increased minor radius:
major radius ratio, P = 0.00093). No significant sexual dimorphism was observed for
chill coma recovery time or thorax size, though females tended to have larger thoraces
in both experiments.

Phenotypic correlations

When examining phenotypic correlations between all isofemale line means, we found
significant correlations between 14 pairs of traits (Figure S3A), seven of which were
from the same trait category (morphological traits or diapause). We suspected that
some correlations might be driven by lab environment effects that produced large
differences between the early and late seasons across multiple phenotypes (see Figure
3). We subtracted the control phenotype for each experiment from each isofemale line
mean to adjust for potential lab effects. When we did so, we found only one significant
correlation between traits from different categories (pupation time and diapause at stage
10 were negatively correlated, r=-0.266, P = 6.2 x 10*, Figure S3B), though some
diapause and morphological traits remained correlated to other measures in the same
category.

Multidimensional analysis

When accounting for variation in all 12 traits with principal components analysis (Figure
5A), we found that early and late populations significantly differed in both PC1, which
explained 22.8% of variation (T-test, t = -5.18, df = 91.5, P = 1.3 x 10°) and PC2, which
explained 18.4% of variation (t = -6.2, df = 101.2, P = 1.2 x 108). We did not find
significant temporal changes in PC3 or PC4 (t-test, P > 0.95 for both). Notably, the
controls assayed alongside these groups had nearly identical values for PC2 but
differed for PC1 (Figure 5A, triangles), suggesting that PC1 primarily describes lab
environment effects and PC2 describes biological variation between the early and late
samples. PC2 was strongly influenced by wing size, but most variables we measured
(except fecundity and chill coma recovery time) correlated with both PC1 and PC2
(Figure 5C), suggesting this result reflects collective phenotypic changes and is not
driven by a few traits. After subtracting the control means from each phenotype and
recalculating PCs (Figure S4A), the early and late populations differed significantly for
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PC1 (t = 4, df = 81.4, P =0.0001), PC 2 (t = -5.27, df = 102.9, P = 7.6 x 107) and PC3 (t
=-2.71, df = 102.5, P = 0.008), but not PC4 (P = 0.66).

The four latitudinal populations did not differ significantly in PC1 through PC4
(ANOVA P > 0.25 for each, Figure 5B). However, after subtracting control values and
recalculating PCs (Figure S4B), there was a slight difference between populations in
PC2 (ANOVA, F = 2.97, df = 62, P =0.039) but not PC1, 3 or, 4 (P > 0.64). The
latitudinal difference in PC2 was driven by a Florida-Connecticut difference (Tukey
post-hoc test, P = 0.03), but there were no other significant differences between
individual populations.
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Figure 5: Principal component analysis of phenotypes. A) Principal
components analysis for wild-derived flies caught early in the season, late
in the season, and from four different latitudes (combined here for visual
clarity). Each point represents one isofemale line. Triangles represent the
inbred control line phenotyped alongside each group. Data ellipses were
drawn using a multivariate t-distribution. B) PCA of the four latitudinal
populations. C) Ordination plot for the 12 phenotypes used for the PCA;
PCs were calculated using normalized line means for each phenotype
from the combined seasonal and latitudinal experiments.
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Discussion

In this study, we tested for rapid evolution of fithess-related traits in invasive African fig
flies (Zaprionus indianus) in the North American invaded range using rigorously
controlled common-garden experiments involving over 15,000 flies from 174 isofemale
lines. Looking at individual traits, we found that smaller wing size evolved following
temperate colonization, resulting in increased wing loading, but we found no other
significant post-colonization evolution or latitudinal variation. However, when examining
all phenotypes together with a multidimensional analysis, we found evidence for
significant post-colonization evolution and limited evidence for subtle latitudinal
variation. Our findings demonstrate the possibility of rapid evolution in invasive species
after only a few generations in a novel environment. We also found that several
phenotypes evolved rapidly over just a few generations of lab rearing, and that
measurements of many phenotypes are subject to the lab environment and batch
effects despite our efforts to maintain carefully controlled experimental conditions.
These findings emphasize the importance of accounting for potential lab evolution and
assay variability when conducting any type of temporal phenotyping experiments for
evolutionary studies.

Rapid post-colonization evolution in Z. indianus

Z. indianus populations evolved smaller wings following colonization of two Virginia
orchards during the 2022 growing season. As this decrease was not accompanied by a
decrease in body size, this change produced an increase in wing loading (decreased
wing:thorax ratio). We also observed a trend, not significant after multiple hypothesis
testing, of larger wings at higher latitudes. Rapid changes in wing morphology are not
unexpected in drosophilids; changes in wing shape that recapitulate a cline found in the
native range were documented within a single decade following the invasion of D.
subobscura in South America (Huey et al. 2000; Gilchrist et al. 2001). Aspects of wing
morphology can change rapidly during a single growing season in both the temperate
species D. lutescens and the cosmopolitan species D. melanogaster (Onder and Aksoy
2022; Ueno et al. 2023). These changes can be favorable in different thermal
environments; lines artificially selected under cold temperature evolved larger wings in
D. melanogaster (Partridge et al. 1994) and wing size increases with latitude in both
North American and South American D. melanogaster (Coyne and Beecham 1987,
Zwaan et al. 2000). While the latitudinal trend we observed matches these findings, the
finding of smaller wings later in the season as temperatures become cooler does not,
suggesting other selective pressures may influence wing size in Z. indianus following
colonization. For example, wing size is important for dispersal and range expansion in a
variety of insects (Buckley et al. 2012; Renault 2020; Jahant-Miller et al. 2022).
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Although the mechanism of the yearly dispersal of Z. indianus through temperate
regions of North America is unknown, larger wings may facilitate or enhance dispersal
such that early colonizing populations are likely to be large-winged. Following
colonization by larger-winged individuals, energetic tradeoffs in the new environment
may favor smaller wings and investment in other traits despite increased wing loads.
For example, larger-winged D. melanogaster living at high elevation in Africa lay fewer
eggs (Lack et al. 2016), presumably due to tradeoffs. However, we did not identify any
non-morphological traits that were correlated with wing size in our analysis, so the
source of any potential tradeoff remains to be determined.

Wing size evolution has been studied in Z. indianus, but not in North American
populations. Despite a bottleneck from invasion, Z. indianus retains substantial wing
morphology variation in South America (Loh 2005). Wing size was larger in subtropical
populations in South America than in equatorial African populations of Z. indianus less
than a decade following invasion (Loh et al. 2008) and this finding was replicated in a
second study (Lavagnino et al. 2020b). Our latitudinal trend of increasing wing size at
higher latitudes agrees with previous studies of Z. indianus: David et al. (2006) identified
subtle wing size clines with wing size increasing with latitude in both Africa and India, in
agreement with previous studies of Indian populations (Karan et al. 1999). However, the
same study found no latitudinal trends in wing size in invasive South American
populations, so our study is the first to document a potential emerging cline in the
invaded range in the Americas. In addition to genetically determined differences in
morphology, the plasticity of wing size and shape is more extreme in subtropical
populations relative to equatorial populations, suggesting that wing size and shape
variation may be an important component of coping with local environmental conditions
in this species (Loh et al. 2008). Given known variation in wing morphology, the rapid
evolution of wing size we observed in Z. indianus is not unexpected and emphasizes
the species’ capacity for rapid evolution.

Aside from wing size (and wing:thorax ratio, which is influenced by wing size), no
other individual traits showed significant post-colonization evolution. The proportion of
flies surviving an acute freeze increased late in the season, though this difference was
not significant after correcting for multiple hypothesis testing. Temperatures dropped to
near freezing in both Charlottesville, VA, and Richmond, VA approximately two weeks
prior to our late season collection in mid-November (data viewed on
wunderground.com); this event may have selected for Z. indianus slightly more tolerant
of acute freezes late in the season. Drosophilids are known to evolve rapidly when
selected in thermally varying environments (MacMillan et al. 2009; Tobler et al. 2015;
Gerken et al. 2016). Chill coma recovery time, a more commonly measured proxy for
thermal tolerance (Andersen et al. 2015) showed no temporal variation in our data and

20


https://www.zotero.org/google-docs/?Hueq1l
https://www.zotero.org/google-docs/?iywWHB
https://www.zotero.org/google-docs/?Y4FUsO
https://www.zotero.org/google-docs/?WoYZ9M
https://www.zotero.org/google-docs/?tzwNwl
https://www.zotero.org/google-docs/?WUjhZS
https://www.zotero.org/google-docs/?OBRLps
https://www.zotero.org/google-docs/?OBRLps
https://www.zotero.org/google-docs/?znW6gZ
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

had little influence on the PCA, suggesting it does not vary with seasonal environments
in Z. indianus. This finding differs from the cosmopolitan species D. melanogaster,
which shows seasonal changes in its response to thermal stress (Behrman et al. 2015).
Diapause incidence also evolves seasonally in D. melanogaster (Schmidt and Conde
2006; Erickson et al. 2020) but did not change in Z. indianus. Collectively,
non-morphological phenotypes that are known to evolve on short seasonal timescales
from other drosophilid systems did not evolve following colonization in Z. indianus.
Assuming an ~18 day generation time at 22 °C (Nava et al. 2007), Virginia populations
of Z. indianus may experience 4-5 generations in the three months between our early
and late sampling, which is fewer than the ~10 generations D. melanogaster
experiences during their longer growing season (Bergland et al. 2014). Fewer
generations and a lack of overwintering selection may limit the extent of evolution that
occurs following a single colonization event.

However, despite the relative lack of post-colonization changes in individual
traits, we found evidence for evolution across traits in multidimensional space.
Multidimensional traits are thought to be important measures of fitness for organisms in
changing environments (Laughlin and Messier 2015). While temporal differences in PC1
can likely be explained due to laboratory effects, as evidenced by shifts in the PC1
values in the controls, PC2 changed significantly between the early and late populations
in the wild-derived but not control flies. Most of the traits we measured loaded on PC2,
suggesting that the maijority of traits contributed to this subtle population shift, which
held up even after adjusting phenotypes for laboratory effects observed in the controls.
So, although the differences in most individual traits were not significant, collective
subtle changes in multiple traits might change the fitness of Z. indianus when colonizing
temperate environments, fueling their successful invasion.

Reproductive traits and environmental conditions in Z. indianus

We noticed several interesting patterns when examining data related to reproduction in
Z. indianus. First, though our sample size is limited, isofemale success rates were lower
later in the season and at higher latitudes (Table 1). Although an imperfect measure of
reproduction, these patterns suggest previous environmental exposure of wild-captured
flies influenced their egg laying in the lab. We found no differences in fecundity across
any of the common garden experiments, suggesting that the field-based differences in
fecundity were likely plastic responses to environmental conditions prior to collection. Z.
indianus males are sterile (Araripe et al. 2004) and females enter diapause (Lavagnino
et al. 2020a) when reared at low temperatures, which might explain the lower isofemale
success rates seen in later months and higher latitudes. Alternatively, low population
densities in the field (Rakes et al. 2023) might have limited the number of females that
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successfully mated prior to capture, given that Z. indianus are sperm-limited (Gleason et
al. 2024). Although a previous study found a latitudinal cline in ovariole number in Indian
populations of Z. indianus (Karan et al. 2000), any potential variation in reproductive
investment did not translate to fecundity differences in our study. Interestingly, we found
that ~30% of lab-reared females laid zero eggs, despite multiple days of access to
mates and food prior to the start of the experiment, suggesting that some other
biological factor influences fecundity in this species. The low fecundity rates of both
field-caught and lab-reared flies are puzzling given the overall success of Z. indianus as
an invasive species. The causes of low fecundity rates and the alternative ecological
mechanisms that may contribute to Z. indianus’ rapid population growth in newly
invaded environments (Rakes et al. 2023) warrant future study.

Though the trend was not significant, we found that rates of diapause subtly
increased with latitude in Z. indianus. This result is somewhat surprising because it
matches patterns observed in D. melanogaster, which is thought to overwinter, unlike Z.
indianus (Schmidt et al. 2005; Schmidt and Paaby 2008). In higher-latitude
environments with harsher winters, diapausing genotypes are more likely to survive
winter and increase in frequency. Since Z. indianus likely does not overwinter (Pfeiffer et
al. 2019) and our latitudinal samples were collected in October, before the onset of
conditions that would likely favor diapausing genotypes, the cause of this trend is
unknown and could be due to another trait that is correlated with diapause or trades off
with diapause. We also did not identify a tradeoff between ability to diapause and
fecundity, as might be predicted from findings in D. melanogaster (Schmidt and Conde
2006). Collectively, our results suggest that the reproductive biology of female Z.
indianus is influenced by the environment, and further understanding this species’
reproduction may be important to controlling it in agricultural settings.

A lack of predictable latitudinal variation in Z. indianus

Aside from the wing size and diapause trends already discussed, we found little
evidence of latitudinal clines in Z. indianus phenotypes, despite abundant data on
latitudinal clines in similar traits in other drosophilids (Coyne and Beecham 1987,
Azevedo et al. 1998; Zwaan et al. 2000; Hoffmann et al. 2002; Ayrinhac et al. 2004;
Fabian et al. 2015; Rohner et al. 2018). We observed a trend that Florida populations
developed more slowly than northern populations. South American populations of Z.
indianus develop more slowly than those from Africa (Lavagnino et al. 2020b); our data
suggest that this trend may be reversed as flies move northward. Starvation tolerance
also decreases with latitude in Indian populations of Z. indianus (Karan et al. 1998).
One possible explanation for the lack of latitudinal patterns in North America is that a
single growing season offers insufficient time for substantial latitudinal clines to evolve.
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All our samples were collected within several weeks of each other in October 2022;
given a northwards recolonization model, the northernmost populations may have been
locally established for a relatively short time prior to collection. In D. melanogaster,
many clinal traits are thought to be the result of selection imposed on overwintering
populations, with harsher winters at more northern latitudes (Flatt 2020). Since Z.
indianus is apparently not able to overwinter and instead reestablishes each year
(Pfeiffer et al. 2019; Rakes et al. 2023), traits favorable for overwintering would not be
selected at higher latitudes. However, our collective findings suggest a high degree of
phenotypic variation in Z. indianus and the potential for rapid evolution. As northern
winters become warmer with climate change (Marshall et al. 2020), it is possible that Z.
indianus populations may become permanently established at higher latitudes, which
would create more potential for latitudinal clines to evolve. We also note that several
phenotypes shown in Figure 4 appear to show latitudinal trends, but some of these
trends were driven by batch effects and were not significant in the final models after
including all predictor variables. Lastly, some traits (for example, wing shape) show
substantial variation that does not fit a linear trend; bottlenecks from small founding
populations upon recolonization could potentially produce populations with phenotypes
that diverge but lack latitudinal patterns.

The potential for laboratory adaptation in isofemale lines

We observed several instances of phenotypic changes in isofemale lines in the lab, with
trait measurements changing significantly following 3-4 additional generations of lab
rearing. Interestingly, two traits that showed significant changes were both related to
cold tolerance, but they evolved in opposite directions. Chill coma recovery time
became longer, suggesting lab-adapted flies were less tolerant of a mild cold stress.
However, the proportion of flies surviving an acute freeze increased. A meta-analysis
found that Drosophila tend to evolve both negative and positive changes to stress
tolerance in the lab, but most substantial changes are negative, meaning lab reared
populations become less stress tolerant (Hoffmann and Ross 2018). Our result is
surprising because D. melanogaster selected for improved chill coma recovery time also
showed a correlated increase in tolerance of acute cold stress (Anderson et al. 2005).
However, as Z. indianus likely has not historically experienced selection for survival
under cold conditions (Pfeiffer et al. 2019), the biology of its cold responses may be
different. This result could alternatively be related to our experimental design: we
re-used the same flies for CCRT and freeze survival assays. It is possible that some
flies died due to the stress of the CCRT experiment, and the CCRT may have served as
a cold hardening event for the flies used in the freeze experiment (Czajka and Lee
1990). Therefore, our freeze experiment may in part be measuring cold hardening
rather than baseline cold tolerance and may have been altered by lab rearing.
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Regardless of the individual traits that changed in the lab or their directions, the finding
of trait evolution in 3-4 generations of lab rearing represents an important finding for Z.
indianus invasion biology as it demonstrates the species’ ability to rapidly evolve in new
environments, potentially driving future range expansion.

Relevance to evolutionary studies

Despite our attempts to carefully control experimental conditions over an
experiment that spanned several months, we found strong evidence of uncontrolled
variation in lab conditions that altered phenotypes. Several phenotypes showed parallel
changes in the inbred control and wild-derived lines assayed at different times, strongly
suggesting the variation was due to uncontrolled laboratory factors since our inbred line
should be genetically uniform and phenotypically consistent. This finding is similar to
those of Stone et al. (2020), who found that a lab-reared population and field-reared
population showed similar temporal changes in cold-hardening, suggesting that the
variation was caused by assay variation rather than selection in the field. This finding is
of great relevance to studies of rapid evolution. Studies that assay temporal variation in
flies are common in Drosophila literature and have documented a variety of phenotypic
changes on short time scales (Schmidt and Conde 2006; Behrman et al. 2015, 2018;
Aggarwal et al. 2021; Grainger et al. 2021; Rudman et al. 2022). Most of these studies
limited the number of generations that flies were held in the lab to minimize lab
adaptation, opening the possibility for unintentional variation in rearing or assay
conditions over time. These studies may have had less lab-induced variation than we
observed, but without controls it is impossible to know for certain. We recommend that
future studies of temporal changes in fly populations use control populations as a
reference when possible. This finding is also relevant for longitudinal sampling
experiments (Eccard and Herde 2013; Mangan et al. 2022), multigenerational
experiments (Foucault et al. 2018; Toyota et al. 2019), or experimental evolution studies
that compare endpoints to starting phenotypes (Kawecki et al. 2012). While not every
experimental design or organism allows for control lines or reference samples like the
ones used here, the potential for assay variation should generally be taken into
consideration for temporal studies.

Conclusions and future directions

With the exception of wing size, we found limited evidence for heritable changes
in Z. indianus phenotypes across space or short time scales following invasion. While
the evolution of smaller wings may provide a fitness advantage following colonization,
this finding suggests that additional factors not measured here are responsible for the
enormous success of Z. indianus in the invaded range. First, Z. indianus likely has
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ecological advantages not captured in the laboratory environment; for example, it is an
unfavorable host for North American parasitoids, allowing it to outcompete co-occurring
drosophilids in the presence of parasitoids (Walsh-Antzak and Erickson 2024).
Additionally, Z. indianus may be inherently tolerant of a wide range of conditions, as
evidenced by its large geographic range in Africa and broad thermal niche (Comeault et
al. 2020) and its ability to use a wide variety of host fruits (Yassin and David 2010).
Third, it might possess a high degree of phenotypic plasticity, which could enable
success in a wide variety of environments (Yassin et al. 2009). Lastly, rapid adaptation
involving fitness-relevant traits beyond those measured here, such as behavior, male
reproductive traits, or immune function, may occur in novel environments. Beyond the
biology of this fascinating invasion, our results highlight the importance of rigorous
design when conducting temporal common garden experiments. We found significant
differences in several phenotypes when we assayed an inbred control line at multiple
timepoints, suggesting variation in the laboratory environment contributed to those
differences. Future studies will be required to determine the extent to which adaptive
changes contribute to Z. indianus’s fitness in the wild, and whether the changes we
observed here are repeated in other colonization years. Longer-term studies might
identify how North American populations are diverging from intermediate South
American and ancestral African populations and whether milder winters might permit the
evolution of permanently established temperate populations, which could dramatically
increase the pest potential of Z. indianus.

References

Aggarwal, D. D., S. Rybnikov, S. Sapielkin, E. Rashkovetsky, Z. Frenkel, M. Singh, P. Michalak,
and A. B. Korol. 2021. Seasonal changes in recombination characteristics in a natural
population of Drosophila melanogaster. Heredity 127:278-287. Nature Publishing Group.

Allori Stazzonelli, E., C. F. Funes, M. N. Corral Gonzalez, S. M. Gibilisco, and D. S. Kirschbaum.
2023. Population fluctuation and infestation levels of Zaprionus indianus Gupta (Diptera:
Drosophilidae) in berry crops of northwestern Argentina | International Society for
Horticultural Science. Acta Horticultura, doi: 10.17660/ActaHortic.2023.1381.19.

Andersen, J. L., T. Manenti, J. G. Sgrensen, H. A. MacMillan, V. Loeschcke, and J. Overgaard.
2015. How to assess Drosophila cold tolerance: chill coma temperature and lower lethal
temperature are the best predictors of cold distribution limits. Functional Ecology

29:55-65.

25


https://www.zotero.org/google-docs/?QkQyuU
https://www.zotero.org/google-docs/?dj5aRA
https://www.zotero.org/google-docs/?dj5aRA
https://www.zotero.org/google-docs/?VoWBBq
https://www.zotero.org/google-docs/?Dlvfru
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Anderson, A. R., A. A. Hoffmann, and S. W. McKECHNIE. 2005. Response to selection for rapid
chill-coma recovery in Drosophila melanogaster: physiology and life-history traits.
Genetics Research 85:15-22.

Araripe, L. O., L. B. Klaczko, B. Moreteau, and J. R. David. 2004. Male sterility thresholds in a
tropical cosmopolitan drosophilid, Zaprionus indianus. Journal of Thermal Biology
29:73-80.

Ayrinhac, A., V. Debat, P. Gibert, A.-G. Kister, H. Legout, B. Moreteau, R. Vergilino, and J. R.
David. 2004. Cold adaptation in geographical populations of Drosophila melanogaster:
phenotypic plasticity is more important than genetic variability. Functional Ecology
18:700-706.

Azevedo, R. B. R., A. C. James, J. McCabe, and L. Partridge. 1998. Latitudinal Variation of
Wing:thorax Size Ratio and Wing-Aspect Ratio in Drosophila Melanogaster. Evolution
52:1353-1362.

Bates, D., M. Machler, B. Bolker, and S. Walker. 2015. Fitting Linear Mixed-Effects Models
Using Ime4. Journal of Statistical Software 67:1—48.

Behrman, E., H. Howick, M. Kapun, F. Staubach, B. Bergland, D. Petrov, B. Lazarro, and P.
Schmidt. 2018. Rapid seasonal evolution in innate immunity of wild Drosophila
melanogaster. Proceedings of the Royal Society B: Biological Sciences 285:20172599.

Behrman, E. L., S. S. Watson, K. R. O’Brien, M. S. Heschel, and P. S. Schmidt. 2015. Seasonal
variation in life history traits in two Drosophila species. J. Evol. Biol. 28:1691-1704.

Bergland, A. O., E. L. Behrman, K. R. O’Brien, P. S. Schmidt, and D. A. Petrov. 2014. Genomic
Evidence of Rapid and Stable Adaptive Oscillations over Seasonal Time Scales in
Drosophila. PLoS Genet 10:e1004775.

Bitner-Mathé, B. C., and L. B. Klaczko. 1999. Plasticity of Drosophila melanogaster wing
morphology: effects of sex, temperature and density. Genetica 105:203-210.

Borden, J. B., and S. L. Flory. 2021. Urban evolution of invasive species. Frontiers in Ecology

26


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

and the Environment 19:184-191.

Brooks, M. E., K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen, H. J.
Skaug, M. Machler, and B. M. Bolker. 2017. gimmTMB Balances Speed and Flexibility
Among Packages for Zero-inflated Generalized Linear Mixed Modeling. The R Journal
9:378-400.

Buckley, J., R. K. Butlin, and J. R. Bridle. 2012. Evidence for evolutionary change associated
with the recent range expansion of the British butterfly, Aricia agestis, in response to
climate change. Molecular Ecology 21:267-280.

Comeault, A. A., A. F. Kautt, and D. R. Matute. 2021. Genomic signatures of admixture and
selection are shared among populations of Zaprionus indianus across the western
hemisphere. Molecular Ecology 30:6193—6210.

Comeault, A. A., J. Wang, S. Tittes, K. Isbell, S. Ingley, A. H. Hurlbert, and D. R. Matute. 2020.
Genetic Diversity and Thermal Performance in Invasive and Native Populations of
African Fig Flies. Molecular Biology and Evolution 37:1893—1906.

Coyne, J. A., and E. Beecham. 1987. Heritability of Two Morphological Characters Within and
Among Natural Populations of Drosophila melanogaster. Genetics 117:727-737.
Genetics.

Czajka, M. C., and R. E. Lee Jr. 1990. A rapid cold-hardening response protecting against cold
shock injury in Drosophila melanogaster. Journal of Experimental Biology 148:245-254.

David, J. R., L. O. Araripe, B. C. Bitner-Mathé, P. Capy, B. Goni, L. B. Klaczko, H. Legout, M. B.
Martins, J. Vouidibio, A. Yassin, and B. Moreteau. 2006. Quantitative trait analysis and
geographic variability of natural populations of Zaprionus indianus , a recent invader in
Brazil. Heredity 96:53-62. Nature Publishing Group.

David, J. R., and P. Capy. 1988. Genetic variation of Drosophila melanogaster natural
populations. Trends in Genetics 4:106—111.

David, J. R., P. Gibert, H. Legout, G. Pétavy, P. Capy, and B. Moreteau. 2005. Isofemale lines in

27


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Drosophila: an empirical approach to quantitative trait analysis in natural populations.
Heredity 94:3—12. Nature Publishing Group.

Dev, K., J. Chahal, R. Parkash, and S. K. Kataria. 2013. Correlated Changes in Body
Melanisation and Mating Traits of Drosophila melanogaster: A Seasonal Analysis. Evol
Biol 40:366—-376.

Dowle, M., and A. Srinivasan. 2019. data.table: Extension of "data.frame’.

Eccard, J. A., and A. Herde. 2013. Seasonal variation in the behaviour of a short-lived rodent.
BMC Ecol 13:43.

EFSA Panel on Plant Health (PLH), C. Bragard, P. Baptista, E. Chatzivassiliou, F. Di Serio, P.
Gonthier, J. A. Jaques Miret, A. F. Justesen, C. S. Magnusson, P. Milonas, J. A.
Navas-Cortes, S. Parnell, R. Potting, P. L. Reignault, E. Stefani, H.-H. Thulke, W. Van
der Werf, A. Vicent Civera, J. Yuen, L. Zappala, J.-C. Grégoire, C. Malumphy, V. Kertesz,
A. Maiorano, and A. MacLeod. 2022. Pest categorisation of Zaprionus indianus. EFSA
Journal 20:e07144.

Erickson, P. A., C. A. Weller, D. Y. Song, A. S. Bangerter, P. Schmidt, and A. O. Bergland. 2020.
Unique genetic signatures of local adaptation over space and time for diapause, an
ecologically relevant complex trait, in Drosophila melanogaster. PLOS Genetics
16:1009110. Public Library of Science.

Fabian, D. K., J. B. Lack, V. Mathur, C. Schlotterer, P. S. Schmidt, J. E. Pool, and T. Flatt. 2015.
Spatially varying selection shapes life history clines among populations of Drosophila
melanogaster from sub-Saharan Africa. Journal of Evolutionary Biology 28:826—840.

Flatt, T. 2020. Life-History Evolution and the Genetics of Fitness Components in Drosophila
melanogaster. Genetics 214:3—48. Genetics.

Foucault, Q., A. Wieser, A.-M. Waldvogel, B. Feldmeyer, and M. Pfenninger. 2018. Rapid
adaptation to high temperatures in Chironomus riparius. Ecology and Evolution

8:12780-12789.

28


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Gerken, A. R., T. F. C. Mackay, and T. J. Morgan. 2016. Artificial selection on chill-coma
recovery time in Drosophila melanogaster. Direct and correlated responses to selection.
Journal of Thermal Biology 59:77-85.

Gilchrist, G. W., R. B. Huey, and L. Serra. 2001. Rapid evolution of wing size clines in
Drosophila subobscura. Genetica 112—113:273-286.

Gleason, J. M., B. Danborno, M. Nigro, H. Escobar, and M. J. Cobbs. 2024. Mating dynamics of
a sperm-limited drosophilid, Zaprionus indianus. PLoS One 19:e0300426.

Gleason, J. M., P. R. Roy, E. R. Everman, T. C. Gleason, and T. J. Morgan. 2019. Phenology of
Drosophila species across a temperate growing season and implications for behavior.
PLOS ONE 14:e0216601. Public Library of Science.

Grainger, T. N., S. M. Rudman, P. Schmidt, and J. M. Levine. 2021. Competitive history shapes
rapid evolution in a seasonal climate. PNAS 118. National Academy of Sciences.

Helliwell, E. E., J. Faber-Hammond, Z. C. Lopez, A. Garoutte, E. von Wettberg, M. L. Friesen,
and S. S. Porter. 2018. Rapid establishment of a flowering cline in Medicago polymorpha
after invasion of North America. Molecular Ecology 27:4758—-4774.

Hill, J. K., C. D. Thomas, and D. S. Blakeley. 1999. Evolution of Flight Morphology in a Butterfly
That Has Recently Expanded Its Geographic Range. Oecologia 121:165-170. Springer.

Hoffmann, A. A., A. Anderson, and R. Hallas. 2002. Opposing clines for high and low
temperature resistance in Drosophila melanogaster. Ecology Letters 5:614-618.

Hoffmann, A. A., R. Hallas, C. Sinclair, and L. Partridge. 2001. Rapid Loss of Stress Resistance
in Drosophila Melanogaster Under Adaptation to Laboratory Culture. Evolution
55:436-438.

Hoffmann, A. A., and P. A. Ross. 2018. Rates and Patterns of Laboratory Adaptation in (Mostly)
Insects. Journal of Economic Entomology 111:501-509.

Holle, S. G., A. K. Tran, E. C. Burkness, D. N. Ebbenga, and W. D. Hutchison. 2018. First

Detections of Zaprionus indianus (Diptera: Drosophilidae) in Minnesota. ents 54:99-102.

29


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Hudson, C. M., M. R. McCurry, P. Lundgren, C. R. McHenry, and R. Shine. 2016. Constructing
an Invasion Machine: The Rapid Evolution of a Dispersal-Enhancing Phenotype During
the Cane Toad Invasion of Australia. PLOS ONE 11:e0156950. Public Library of
Science.

Huey, R. B., G. W. Gilchrist, M. L. Carlson, D. Berrigan, and § Luis Serra. 2000. Rapid Evolution
of a Geographic Cline in Size in an Introduced Fly. Science 287:308-309. American
Association for the Advancement of Science.

Jahant-Miller, C., R. Miller, and D. Parry. 2022. Size-dependent flight capacity and propensity in
a range-expanding invasive insect. Insect Science 29:879-888.

Josse, J., and F. Husson. 2016. missMDA: A Package for Handling Missing Values in
Multivariate Data Analysis. Journal of Statistical Software 70:1-31.

Karan, D., N. Dahiya, A. K. Munjal, P. Gibert, B. Moreteau, R. Parkash, and J. R. David. 1998.
DESICCATION AND STARVATION TOLERANCE OF ADULT DROSOPHILA:
OPPOSITE LATITUDINAL CLINES IN NATURAL POPULATIONS OF THREE
DIFFERENT SPECIES. Evolution 52:825-831.

Karan, D., S. Dubey, B. Moreteau, R. Parkash, and J. R. David. 2000. Geographical Clines for
Quantitative Traits in Natural Populations of a Tropical Drosophilid: Zaprionus Indianus.
Genetica 108:91-100.

Karan, D., B. Moreteau, and J. R. David. 1999. Growth temperature and reaction norms of
morphometrical traits in a tropical drosophilid: Zaprionus indianus. Heredity 83:398—407.

Kawecki, T. J., R. E. Lenski, D. Ebert, B. Hollis, I. Olivieri, and M. C. Whitlock. 2012.
Experimental evolution. Trends in Ecology & Evolution 27:547-560. Elsevier.

King, R. C. 1970. Ovarian development in Drosophila melanogaster. Academic Press.

Klaczko, L. B., and B. C. Bitner-Mathe. 1990. On the edge of a wing. Nature 346:321-321.
Nature Publishing Group.

Kuhn, M., S. Jackson, and J. Cimentada. 2022. corrr: Correlations in R.

30


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Lachaise, D., M.-L. Cariou, J. R. David, F. Lemeunier, L. Tsacas, and M. Ashburner. 1988.
Historical Biogeography of the Drosophila melanogaster Species Subgroup. Pp.
159-225 in M. K. Hecht, B. Wallace, and G. T. Prance, eds. Evolutionary Biology.
Springer US, Boston, MA.

Lack, J. B., A. Yassin, Q. D. Sprengelmeyer, E. J. Johanning, J. R. David, and J. E. Pool. 2016.
Life history evolution and cellular mechanisms associated with increased size in
high-altitude Drosophila. Ecology and Evolution 6:5893-5906.

Laughlin, D. C., and J. Messier. 2015. Fitness of multidimensional phenotypes in dynamic
adaptive landscapes. Trends in Ecology & Evolution 30:487-496. Elsevier.

Lavagnino, N. J., J. J. Fanara, and J. Mensch. 2020a. Comparison of overwintering survival and
fertility of Zaprionus indianus (Diptera: Drosophilidae) flies from native and invaded
ranges. J Therm Biol 87:102470.

Lavagnino, N. J., M. A. Imberti, N. Flaibani, V. E. Ortiz, and J. J. Fanara. 2020b. Contribution of
population-level phenotypic plasticity to the invasiveness of Zaprionus indianus (Diptera:
Drosophilidae). , doi: 10.14411/eje.2020.013. Czech Academy of Sciences.

Lee, C. E. 1999. Rapid and Repeated Invasions of Fresh Water by the Copepod Eurytemora
affinis. Evolution 53:1423—1434. Oxford University Press.

Leger, E. A, and K. J. Rice. 2003. Invasive California poppies (Eschscholzia californica Cham.)
grow larger than native individuals under reduced competition. Ecology Letters
6:257-264.

Lenth, R. 2024. emmeans: Estimated Marginal Means, aka Least-Squares Means.

Linde, K. van der, G. J. Steck, K. Hibbard, J. S. Birdsley, L. M. Alonso, and D. Houle. 2006.
FIRST RECORDS OF ZAPRIONUS INDIANUS (DIPTERA: DROSOPHILIDAE), A PEST
SPECIES ON COMMERCIAL FRUITS FROM PANAMA AND THE UNITED STATES OF
AMERICA. flen 89:402-404.

Loh, R., J. R. David, V. Debat, and B. C. Bitner-Matha. 2008. Adaptation to different climates

31


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

results in divergent phenotypic plasticity of wing size and shape in an invasive
drosophilid. J. Genet. 87:209-217.

MacMillan, H. A., J. P. Walsh, and B. J. Sinclair. 2009. The effects of selection for cold tolerance
on cross-tolerance to other environmental stressors in Drosophila melanogaster. Insect
Science 16:263-276.

Mangan, M. J., S. A. Foré, and H.-J. Kim. 2022. Seasonal changes in questing efficiency of wild
Amblyomma americanum (Acari: Ixodidae) nymphs. Ticks and Tick-borne Diseases
13:101988.

Marshall, K. E., K. Gotthard, and C. M. Williams. 2020. Evolutionary impacts of winter climate
change on insects. Current Opinion in Insect Science 41:54—-62.

Mirth, C. K., A. Nogueira Alves, and M. D. Piper. 2019. Turning food into eggs: insights from
nutritional biology and developmental physiology of Drosophila. Current Opinion in
Insect Science 31:49-57.

Miyo, T., S. Akai, and Y. Oguma. 2000. Seasonal fluctuation in susceptibility to insecticides
within natural populations of Drosophila melanogaster: empirical observations of fithess
costs of insecticide resistance. Genes Genet Syst 75:97-104.

Moloney, K. A., C. Holzapfel, K. Tielborger, F. Jeltsch, and F. M. Schurr. 2009. Rethinking the
common garden in invasion research. Perspectives in Plant Ecology, Evolution and
Systematics 11:311-320.

Nava, D. E., A. M. Nascimento, C. P. Stein, M. L. Haddad, J. M. S. Bento, and J. R. P. Parra.
2007. Biology, thermal requirements, and estimation of the number of generations of
Zaprionus indianus (Diptera: Drosopholidae) for the main fig producing regions of Brazil.
flen 90:495-501.

Olazcuaga, L., J. Foucaud, C. Deschamps, A. Loiseau, J.-L. Claret, R. Vedovato, R. Guilhot, C.
Sévely, M. Gautier, R. A. Hufbauer, N. O. Rode, and A. Estoup. 2022. Rapid and

transient evolution of local adaptation to seasonal host fruits in an invasive pest fly.

32


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Evolution Letters 6:490-505.

Onder, B. S., and C. F. Aksoy. 2022. Seasonal variation in wing size and shape of Drosophila
melanogaster reveals rapid adaptation to environmental changes. Sci Rep 12:14622.
Nature Publishing Group.

Partridge, L., B. Barrie, K. Fowler, and V. French. 1994. Evolution and Development of Body
Size and Cell Size in Drosophila Melanogaster in Response to Temperature. Evolution
48:1269-1276.

Pétavy, G., J. P. Morin, B. Moreteau, and J. R. David. 1997. Growth temperature and phenotypic
plasticity in two Drosophila sibling species: probable adaptive changes in flight
capacities. Journal of Evolutionary Biology 10:875-887.

Pfeiffer, D. G., M. E. Shrader, J. C. E. Wahls, B. N. Willbrand, I. Sandum, K. van der Linde, C. A.
Laub, R. S. Mays, and E. R. Day. 2019. African Fig Fly (Diptera: Drosophilidae): Biology,
Expansion of Geographic Range, and Its Potential Status as a Soft Fruit Pest. J Integr
Pest Manag 10.

Phillips, B. L., G. P. Brown, J. K. Webb, and R. Shine. 2006. Invasion and the evolution of speed
in toads. Nature 439:803—-803. Nature Publishing Group.

Prentis, P. J., J. R. U. Wilson, E. E. Dormontt, D. M. Richardson, and A. J. Lowe. 2008. Adaptive
evolution in invasive species. Trends in Plant Science 13:288-294.

Rakes, L. M., M. Delamont, C. Cole, J. A. Yates, L. J. Blevins, F. N. Hassan, A. O. Bergland,
and P. A. Erickson. 2023. A small survey of introduced Zaprionus indianus (Diptera:
Drosophilidae) in orchards of the eastern United States. Journal of Insect Science 23:21.

Renault, D. 2020. A Review of the Phenotypic Traits Associated with Insect Dispersal
Polymorphism, and Experimental Designs for Sorting out Resident and Disperser
Phenotypes. Insects 11:214. Multidisciplinary Digital Publishing Institute.

Renkema, J. M., M. Miller, H. Fraser, J.-P. Légaré, and R. H. Hallett. 2013. First records of

Zaprionus indianus Gupta (Diptera: Drosophilidae) from commercial fruit fields in Ontario

33


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

and Quebec, Canada. The Journal of the Entomological Society of Ontario 144.

Rohner, P. T., S. Pitnick, W. U. Blanckenhorn, R. R. Snook, G. Bachli, and S. Lipold. 2018.
Interrelations of global macroecological patterns in wing and thorax size, sexual size
dimorphism, and range size of the Drosophilidae. Ecography 41:1707-1717.

Rudman, S. M., S. I. Greenblum, S. Rajpurohit, N. J. Betancourt, J. Hanna, S. Tilk, T.
Yokoyama, D. A. Petrov, and P. Schmidt. 2022. Direct observation of adaptive tracking
on ecological time scales in Drosophila. Science 375:eabj7484. American Association for
the Advancement of Science.

Saunders, D. S., V. C. Henrich, and L. I. Gilbert. 1989. Induction of diapause in Drosophila
melanogaster: photoperiodic regulation and the impact of arrhythmic clock mutations on
time measurement. Proc. Natl. Acad. Sci. U.S.A. 86:3748-3752.

Schmidt, P. S., and D. R. Conde. 2006. Environmental Heterogeneity and the Maintenance of
Genetic Variation for Reproductive Diapause in Drosophila Melanogaster. Evolution
60:1602—-1611.

Schmidt, P. S., L. Matzkin, M. Ippolito, and W. F. Eanes. 2005. Geographic Variation in Diapause
Incidence, Life-History Traits, and Climatic Adaptation in Drosophila Melanogaster.
Evolution 59:1721-1732.

Schmidt, P. S., and A. B. Paaby. 2008. REPRODUCTIVE DIAPAUSE AND LIFE-HISTORY
CLINES IN NORTH AMERICAN POPULATIONS OF DROSOPHILA MELANOGASTER.
Evolution 62:1204-1215.

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image to ImagedJ: 25 years of
image analysis. Nat Methods 9:671-675. Nature Publishing Group.

Soller, M., M. Bownes, and E. Kubli. 1999. Control of oocyte maturation in sexually mature
Drosophila females. Dev. Biol. 208:337-351.

Steenwyk, J. L., and A. Rokas. 2021. ggpubfigs: Colorblind-Friendly Color Palettes and ggplot2

Graphic System Extensions for Publication-Quality Scientific Figures. Microbiology

34


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Resource Announcements 10:10.1128/mra.00871-21. American Society for
Microbiology.

Stone, H. M., P. A. Erickson, and A. O. Bergland. 2020. Phenotypic plasticity, but not adaptive
tracking, underlies seasonal variation in post-cold hardening freeze tolerance of
Drosophila melanogaster. Ecology and Evolution 10:217-231.

Suckow, M. A., and N. Tirado-Muniz. 2023. Seasonal Variation of Laboratory Animals as a
Consideration for Research Reproducibility. Comparative Medicine 73:255-259.
American Association for Laboratory Animal Science.

Tantawy, A. O. 1964. STUDIES ON NATURAL POPULATIONS OF DROSOPHILA. 111
MORPHOLOGICAL AND GENETIC DIFFERENCES OF WING LENGTH IN
DROSOPHILA MELANOGASTER AND D. SIMULANS IN RELATION TO SEASON.
Evolution 18:560-570.

Tobler, R., J. Hermisson, and C. Schl6tterer. 2015. Parallel trait adaptation across opposing
thermal environments in experimental Drosophila melanogaster populations. Evolution
69:1745-1759.

Toyota, K., M. Cambronero Cuenca, V. Dhandapani, A. Suppa, V. Rossi, J. K. Colbourne, and L.
Orsini. 2019. Transgenerational response to early spring warming in Daphnia. Sci Rep
9:4449. Nature Publishing Group.

Ueno, T., A. Takenoshita, K. Hamamichi, M. P. Sato, and Y. Takahashi. 2023. Rapid seasonal
changes in phenotypes in a wild Drosophila population. Sci Rep 13:21940. Nature
Publishing Group.

Vilela, C. 1999. Is Zaprionus indianus Gupta, 1970 (Diptera, Drosophilidae) currently colonizing
the Neotropical region? Drosophila Information Service 82:37-309.

Walsh-Antzak, C. R., and P. A. Erickson. 2024. Strength of enemy release from parasitoids is
context-dependent in the invasive African Fig Fly, Zaprionus indianus. bioRxiv.

Whitney, K. D., and C. A. Gabler. 2008. Rapid evolution in introduced species, ‘invasive traits’

35


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.15.623845; this version posted November 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

and recipient communities: challenges for predicting invasive potential. Diversity and
Distributions 14:569-580.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New York.

Yassin, A., and J. David. 2010. Revision of the Afrotropical species of Zaprionus (Diptera,
Drosophilidae), with descriptions of two new species and notes on the internal
reproductive structures and immature stages. ZooKeys 51:33-72. Pensoft Publishers.

Yassin, A., J. R. David, and B. C. Bitner-Mathé. 2009. Phenotypic variability of natural
populations of an invasive drosophilid, Zaprionus indianus, on different continents:
Comparison of wild-living and laboratory-grown flies. Comptes Rendus. Biologies
332:898-908.

Zwaan, B. J., R. B. R. Azevedo, A. C. James, J. van 't Land, and L. Partridge. 2000. Cellular
basis of wing size variation in Drosophila melanogaster: a comparison of latitudinal

clines on two continents. Heredity 84:338—-347. Nature Publishing Group.

36


https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://www.zotero.org/google-docs/?H8aDdc
https://doi.org/10.1101/2024.11.15.623845
http://creativecommons.org/licenses/by-nc/4.0/

