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Attempts to use breeding approaches in Aedes aegypti to create
lines with distinct and stable relative Wolbachia densities
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Wolbachia is an insect endosymbiont being used for biological control in the mosquito Aedes aegypti because it causes cytoplasmic
incompatibility (CI) and limits viral replication of dengue, chikungunya, and Zika viruses. While the genetic mechanism of pathogen
blocking (PB) is not fully understood, the strength of both CI and PB are positively correlated with Wolbachia densities in the host.
Wolbachia densities are determined by a combination of Wolbachia strain and insect genotype, as well as interactions with the
environment. We employed both artificial selection and inbreeding with the goal of creating lines of Ae. aegypti with heritable and
distinct Wolbachia densities so that we might better dissect the mechanism underlying PB. We were unable to shift the mean
relative Wolbachia density in Ae. aegypti lines by either strategy, with relative densities instead tending to cycle over a narrow
range. In lieu of this, we used Wolbachia densities in mosquito legs as predictors of relative densities in the remaining individual’s
carcass. Because we worked with outbred mosquitoes, our findings indicate either a lack of genetic variation in the mosquito for
controlling relative density, natural selection against extreme densities, or a predominance of environmental factors affecting
densities. Our study reveals that there are moderating forces acting on relative Wolbachia densities that may help to stabilize
density phenotypes post field release. We also show a means to accurately bin vector carcasses into high and low categories for
non-DNA omics-based studies of Wolbachia-mediated traits.
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INTRODUCTION
Aedes aegypti’s geographic range is expanding globally (Kraemer
et al. 2019). This mosquito transmits human disease-causing
viruses including dengue (DENV), chikungunya (CHIKV), Yellow
Fever (YFV), and Zika (ZIKV) (Souza-Neto et al. 2019). There are
currently no effective vaccines or antiviral drugs for these
arboviruses (Merle et al. 2018), except for YFV. Instead, we rely
on vector control to suppress arboviral populations. Wolbachia
pipientis is a bacterial endosymbiont found in ~40% of insect
species (Zug and Hammerstein 2015). Wolbachia induces two
traits in mosquitoes that are the basis of its utility in vector control
(Flores and O’Neill 2018), cytoplasmic incompatibility (CI) and
Wolbachia-Mediated Pathogen Blocking (PB). CI manifests as
embryonic death due to modifications to the sperm made by
Wolbachia (Werren 1997). CI occurs when Wolbachia-free females
mate with infected males, whereas all remaining crosses, result in
viable offspring. CI results in females with Wolbachia having
greater reproductive success in mixed populations. This advan-
tage, combined with Wolbachia’s vertical inheritance, causes the
symbiont to spread quickly through populations (Werren et al.
2008). Wolbachia has also been found to limit viral replication in
various insects through a trait known as PB (Bian et al. 2010; Dutra
et al. 2016; Moreira et al. 2009). PB was first discovered in
Drosophila, when insects infected with viruses exhibited longer

lifespans if they also were infected with Wolbachia (Hedges et al.
2008). It was determined that Wolbachia protects flies by reducing
viral loads of the coinfecting virus (Teixeira et al. 2008). This same
viral blocking effect has been seen in Ae. aegypti for DENV, CHIKV,
YFV, and ZIKV (Dutra et al. 2016; van den Hurk et al. 2012; Moreira
et al. 2009), after artificially, but stably infecting this species that is
naturally Wolbachia-free, with Wolbachia from donor species
(McMeniman et al. 2009; Walker et al. 2011).
This combination of CI and PB has created the ideal biological

control agent against arboviruses. By spreading Wolbachia
infection into wild Ae. aegypti populations through field release
of Ae. aegypti females and the action of CI, it is possible to replace
the local population with one that is largely resistant to virus
transmission (Flores and O’Neill 2018). Currently, two main
Wolbachia strains are being released globally, wMel and wAlbB
(Hoffmann et al. 2011; Nazni et al. 2019) that are derived from
Drosophila melanogaster (Walker et al. 2011) and Aedes albopictus
(Xi et al. 2005), respectively. Both reduce DENV replication (Nazni
et al. 2019; Walker et al. 2011) and have effects on host fitness as
measured in the lab (Axford et al. 2016; Hoffmann et al. 2014). The
fitness effects have not hindered releases in Australia (Ryan et al.
2020), Malaysia (Nazni et al. 2019), and Indonesia (Utarini et al.
2021), but may be causing issues in Brazil (Pinto et al. 2021) and
Vietnam (Hien et al. 2022). The wAlbB strain is more tolerant to
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cyclical heat stress than wMel, suggesting that wAlbB may have
higher success in environments where mosquitoes experience
heat stress (Ross et al. 2017).
The mechanism of Wolbachia-mediated pathogen blocking in

mosquitoes is still not fully understood. From a range of studies, it
is clear that the trait is likely multifaceted (Lindsey et al. 2018).
Without the ability to genetically modify Wolbachia, much of the
focus has been on identifying the effects of viral blocking in the
mosquito. Processes in the mosquito such as immunity, nutrient
competition, RNA translation and replication, and cellular stress are
affected byWolbachia and may assist with viral blocking (Ford et al.
2020; Geoghegan et al. 2017; Moreira et al. 2009; Rainey et al. 2016;
Rancès et al. 2012; White et al. 2017). Multiple studies have shown
thatWolbachia upregulates immune gene expression in Ae. aegypti
(Moreira et al. 2009; Rancès et al. 2012). This priming of the
immune system in Ae. aegypti may increase its basal immune
protection, allowing the mosquito to have greater control over
viruses it subsequently encounters during blood feeding. Another
suggested basis of blocking is competition for cholesterol. Both
dengue virus andWolbachia depend on cholesterol metabolism for
survival and replication (Geoghegan et al. 2017; Heaton et al. 2010).
Viral RNA translation and/or replication appears to be limited when
Wolbachia is present (Rainey et al. 2016), possibly through
alteration of the host’s endoplasmic reticulum and golgi complex
that viruses use to replicate (White et al. 2017). This change may
make the endoplasmic reticulum and golgi complex unsuitable for
viruses (Lindsey et al. 2018). Last, Wolbachia induces host cellular
stress represented by increased levels of reactive oxygen species
(Pan et al. 2012). Reactive oxygen species activate signaling
pathways such as the extracellular signal-regulated kinase pathway
(Thannickal and Fanburg 2000), which has been demonstrated to
increase viral protection in mosquito cells (Xu et al. 2013).
Regardless of the specific mechanism, blocking strength has been

shown to correlate with relative Wolbachia densities in whole insects
(Amuzu and McGraw 2016; Chouin-Carneiro et al. 2020; Chrostek
et al. 2013; Iturbe-Ormaetxe et al. 2011; Joubert et al. 2016; Rainey
et al. 2016). Wolbachia density could therefore be used to help study
the basis of pathogen blocking, and indeed other Wolbachia-
associated traits, if we could generate high and low-density lines in
mosquitoes. Previous studies have compared closely related (Woolfit
et al. 2013)Wolbachia strains, known to vary in their densities such as
wMel as compared to wMelPop (Walker et al. 2011) and wMelPop-
CLA (Joubert et al. 2016), but such approaches are confounded by
other genetic differences between the strains and their associated
phenotypes including virulence for both the latter two strains.
Similarly, comparing the same Wolbachia strain across different
vector strains or species where relative densities may vary, includes
the confounding effects of other genetic differences between
vectors, unrelated to control of relative densities (Ikeda et al. 2003;
McGraw et al. 2002). For example, Ae. albopictus is naturally co-
infected with two Wolbachia strains, wAlbA, and wAlbB, that have a
relative abundance of 1:10 in the native host (Dutton and Sinkins
2004). When transinfected into Ae. aegypti the relationship reverses
however, with wAlbA exhibiting a greater relative density than wAlbB
(Ant et al. 2018). Our goal in this study was to create genetically
similar, independent lines of Ae. aegypti with stable and distinct
differences in their Wolbachia densities originating from a single
original strain of Wolbachia. Because genetic variation is likely very
low in Wolbachia populations due to the bottlenecking at the point
of creation of the original transfected Ae. aegypti line (Fraser et al.
2020) and at each generation through the packaging of symbionts
into the embryo (Newton et al. 2015; Zug and Hammerstein 2015),
we were reliant on any standing genetic variation in the vector that
may affect Wolbachia density (Kondo et al. 2005; Mouton et al. 2007)
to assist with line creation. Here we utilized multiple approaches
involving artificial selection, inbreeding, and tissue-based correlation
to create predictably high and low-density lines or individuals that
could be used further for trait decomposition.

METHODS
Ae. aegypti rearing
Artificial selection was carried out on Ae. aegypti infected with the wMel
strain ofWolbachia (Hoffmann et al. 2011; Walker et al. 2011) in mosquitoes
recently collected (within 3 generations of the field) from Cairns, Australia.
Hundreds of eggs were collected from ovitraps placed at 6 sites across
greater Cairns as per previous (Frentiu et al. 2014). Fourth instar larvae
were identified to species based on morphological characters. A founding
population of ~500 mosquitoes was created by pooling larvae equally
across the 6 sites. The tissue correlation and inbreeding experiments were
carried out several years later using wAlbB infected Ae. aegypti (Xi et al.
2005) obtained from Zhiyong Xi (Michigan State) as the wMel strain was no
longer available due to MTA restrictions. As this line had been bred in the
lab for over a year when it was obtained, we backcrossed wAlbB into a
wildtype line from Monterrey, Mexico for 3 generations to increase genetic
diversity. Each cross involved ~200 females and males from each line. The
wild Monterrey line provided by Matthew Thomas (Penn State), had been
in the laboratory <3 generations and was initially generated by pooling
thousands of eggs collected from ovitraps placed across locations in
Monterrey. For all experiments, mosquito eggs were hatched in
40 × 30 × 8 cm plastic trays with 3 liters of autoclaved reverse-osmosis
water and fed Tetramin fish food (Melle, Germany) ad libitum. Larvae were
maintained at a density of ~250 per tray. Populations of ~300 adult
mosquitoes were housed in 18 × 18” square breeding cages (BioQuip).
Dental wicks were used to provide access to 10% sucrose. Mosquitoes
were fed human blood (BioIVT) warmed to 37 °C using an artificial feeder
(Hemotek) at 9–11 days of age to collect eggs and maintain the colonies.

Artificial selection experiment
We employed an artificial selection regime to create mosquito lines with
increased relativeWolbachia densities in the whole body of the mosquito with
the goal of studying the basis of DENV blocking. A total of 480 blood-fed
(human volunteer, ethics permit number CF11/0766-2011000387) wMel Ae.
aegypti females were placed individually in 70mL plastic cups (Sarstedt). Eggs
were collected using moist filter paper. Females that laid eggs were then
collected for DNA extraction and Wolbachia density measurement (below).
We ran three selection lines (S1-3) and three control lines (C1-3) in parallel. We
created the selection lines by pooling 100 eggs from each of 3 females with
the highest Wolbachia density, and the control lines by pooling the offspring
from three females randomly selected with respect to titre. We created each
subsequent generation in the same way, by assaying 80 randomly selected
females (post isofemaling and egg collection) for Wolbachia density and
choosing the three mosquitoes with the highest titre (S1-3) or three
mosquitoes (C1-3) chosen by a random number generator to each contribute
100 eggs. To obtain the eggs from said females above, all lines were blood-
fed 6–8 days post-eclosion by a human volunteer in large populations. Then
12–16 h after blood-feeding, 80 blood fed females were selected at random
and placed in individual 70mL cups (Sarstedt) as isofemales. They were
provided with 10% sucrose solution and moist filter paper for egg collection,
and cups were checked for eggs after three days. Dead females and those
that laid <10 eggs were discarded. Eighty females were isolated for eventual
qPCR for each of the three cages and assessed for relativeWolbachia densities.
Females were ranked by relative Wolbachia density, and eggs from the
highest density females were pooled to seed the next generation for the
individual line/cage. The number of females used to seed the next generation
was consistent across all three cages. A similar process was used for the three
control cages, except females and their offspring were randomly chosen to
seed the subsequent generation. The selection regime was carried out for a
total of 4 sequential generations (continuous selection).

Isofemale line experiment
We also employed an isofemale line approach to see if we could generate
lines with distinct and predictable relative Wolbachia densities (high vs.
low) in wAlbB Ae. aegypti. To create isofemale lines, we subsequently
reared the offspring collected from 41 single pair crosses separately as
small, closed populations (30–50 individuals) for 8–9 generations. Given
issues with fitness for many of the lines, only 8 lines of the original
41 survived. The original 41 P1 females were dissected for ovaries and the
remaining carcass at 15–17 days of age, or ~6 days post feed and egg-
laying for Wolbachia density determination. We fed the eight remaining
isofemale lines at each generation and then collected their eggs in 70ml
oviposition cups containing moist filter paper. Egg papers were hatched
independently for each line, and adults were reared in cages (as above).
After 8–9 generations of breeding, we carried out individual tissue

A.J. Mejia et al.

216

Heredity (2022) 129:215 – 224



dissection and relative Wolbachia density estimates for 24–25 females per
line as in the parental generation. After Wolbachia quantification, we
focused our subsequent rearing efforts on four lines, the two highest and
two lowest lines with respect to relative Wolbachia densities in the carcass.
Finally, at generations 11–13, we dissected ovary and carcass tissues again
for the subset of lines for comparison of relative Wolbachia densities to the
P1 and F8-9 generations.

Tissue correlation
After failing to select for high and low relative Wolbachia densities across
generations by selection or isofemale line creation, we sought to
determine whether we could predict Wolbachia density in the carcass or
specific tissues based on first screening the mosquito legs. In brief, we
dissected and pooled all 6 legs from individual wAlbB Ae. aegypti and
either kept the remainder of the body (minus gonads) or specific tissues
including the midgut and the salivary glands for subsequent relative
Wolbachia density determination as per below. We initially attempted to
correlate relative densities from a single leg but found that these estimates
lacked sensitivity and repeatability compared to pooling all 6. Gonads were
excluded given their extremely high relative Wolbachia densities that may
swamp estimates in the much less dense somatic tissues responsible for
the expression of PB. All dissections were carried out at 15–17 days of age,
or ~6 days post feed. Each experiment utilized 25–40 individuals.

Dissections and DNA extraction
In our artificial selection experiment, females were frozen and placed in 96-
well plate (VQR Lab Advantage) with 50 μl of extraction buffer (10mM Tris
buffer, 1mM EDTA, 50mM NaCl, and proteinase K) and a 2-mm glass bead.
Plates were homogenized with a MiniBeadbeater-96 (Bio Spec) for 90 s,
centrifuged at 3220 × g for 3min and then incubated at 58 °C for 30 s and at
96 °C for 5min. In our isofemale line and tissue correlation experiments,
females were cold-anesthetized and dissected in 1x phosphate-buffered
saline (PBS). Tissues were collected and placed in a 2ml tube with 50 μl of PBS
and a 3-mm glass bead. Dissected tissues were stored at −80 °C until
processing. To extract DNA, tubes were filled with 50 μl of extraction buffer.
Samples were homogenized with a bead ruptor (OMNI International) for 90 s,
centrifuged at 2000 × g for 2min and then incubated at 56 °C for 5min and at
98 °C for 5min. A final centrifugation step was performed at 2000 × g for
2min to pellet any remaining mosquito tissue. Samples were diluted 1:10
using DNAse/RNAse free water prior to quantification.

Wolbachia quantification
RelativeWolbachia density was quantified through qPCR using Livak’s method
(Livak and Schmittgen 2001). In brief, estimates of gene copy number are
obtained for a single copy Wolbachia gene and host gene, that exhibit similar
replication efficiencies in PCR. The ratio of the two, therefore represents an
average estimate of Wolbachia per host cell in the tissue or whole animal
being assessed. In the artificial selection experiment, we used the primers for
the single copy ankyrin repeat containing gene Wolbachia tm513 (previously

WD513) (Woolfit et al. 2013) and the mosquito ribosomal subunit protein S17
gene (rps17). Primers: TM513_F (5’-CAAATTGCTCTTGTCCTGTGG) and TM513_R
(5’-GGGTGTTAAGCAGAGTTACGG), as well as mosquito primers RPS17_F (5’-
TCCGTGGTATCTCCATCAAGCT) and RPS17_R (5’-CACTTCCGGCACGTAGTTGTC)
(Ford et al. 2019). We also used a fluorescent probe for TM513 and RPS17.
Probes: TM513 probe (5’-Lc640-TGAAATGGAAAAATTGGCGAGGTGTAGG-Iowa-
black) and RPS17 probe (5’-FAM-CAGGAGGAGGAACGTGAGCGCAG-BHQ1) via
qPCR on a LightCycler 480 (Roche), using the equation 2�TM513

2�RPS17 . The artificial
selection experiment consisted of a 10 μL final volume reaction, each
containing 5 μL of LightCycler 480 Mastermix (Roche), 0.25 μL of each RPS17
primer, 0.1 μL of RPS17 probe, 0.3 μL of each TM513 primers, 0.3 μL of TM513
probe, 2.5 μL of nuclease-free water and 1uL of template DNA. For the
isofemale line and tissue correlation experiments we also used the primer
RPS17, but instead of TM513, we used previously published primers specific
for wAlbB in an ankyrin repeat domain gene (Axford et al. 2016); Primer:
wAlbB_F (5’-CCTTACCTCCTGCACAACAA) and wAlbB_R (5’-GGA
TTGTCCAGTGGCCTTA). We also switched to using a SYBR green approach.
All qPCR was carried out on a LightCycler 480 (Roche), using the equation
2�wAlbB

2�RPS17. Samples from isofemale line and tissue experiments were as follows; a
total volume of 10 μL per reaction, each containing: 5 μL of 2x PerfeCTa SYBR
Green SuperMix (Quantabio), 0.2 μL of each forward and reverse primers
(10 μM), 2.6 μL of nuclease-free water, and 8uL of template DNA. The qPCR
temperature profile for both experiments included denaturation at 95 °C for
5min, 45 cycles of 95 °C for 10 s, 60 °C for 15 s and extension at 72 °C for 10 s,
followed by a melt curve analysis. All samples were run once unless the melt
curves suggested a failure in which case the sample would be rerun. If good
melt curves were not obtained (rarely), the data were discarded. Rather than
focus on technical replicates, where we tend to see very little variation, we
focused our experimental efforts on biological replicates.

Statistical analysis
Statistical analysis for the artificial selection study was performed in SPSS
Statistics for Windows (IBM, Version 24.0). Density values were log10-
transformed to reduce skewness. Statistical analysis for the isofemale line
and tissue correlation experiment was performed in GraphPad Prism
version 9.1.0 for Windows, GraphPad Software, San Diego, California USA.
Data were checked for normality before performing analysis and
transformed by log+ 1 when necessary. All relative densities when
depicted in scatter plots were plotted on a log axis. Fitted regression lines,
although linear, can therefore appear curved. All posthoc comparisons
were multiple test corrected using Tukey’s method.

RESULTS
Artificial selection
To determine whether artificial selection could be used to increase
relative Wolbachia densities, Ae. aegypti mosquitoes were exposed
to a selection regime for five generations. Wolbachia density was
modeled using a mixed-effect model with generation and

Fig. 1 Relative wMel Wolbachia density for parental (G0), control (C1-3) and artificially selected (S1-3) lines at each generation (G1-5).
Density is expressed as the number of Wolbachia tm513 gene copies normalized to the number of rps17 gene copies. Error bars represent
±1 SD.
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treatment as a fixed factor and line as a random factor nested
within treatment. While treatment alone was not significant, there
was a significant effect of generation (F= 17.39, df= 4, p= 0.001)
and line (F= 4.19, df= 2, p= 0.015), typically densities were
highest at generation 1, reached a minimum at generations 3–4,
and then began climbing during generation 5 (Fig. 1). We also saw
significant interactions between line and generation (F= 4.86,
df= 8, p < 0.0001) and treatment and generation (F= 10.42,
df= 4, p < 0.0001) (Fig. 1). Both treatments displayed the parabolic
trend described above, but the control lines decreased in
Wolbachia densities faster than our artificially selected lines. The
control lines reached a minimum at generation 3. Of note is the
increase in Wolbachia density across the board from the base
population in all treatments and control lines. All samples had to
be tested each generation (not blocked) because the relative
densities were used specifically to select females to use for

subsequent round of selection. We cannot, therefore, rule out that
these shifts through time were due to differences between PCR
runs. Regardless of these patterns, the selection regime did not
increase density in the selected lines compared to controls.
Repeating the statistical analysis with only generation 5 (endpoint)
data also revealed no significant difference between selection and
control-treated mosquitoes (F= 0.325, df= 1, p= 0.60), but there
was a significant difference between lines (F= 28.40, df= 4,
p < 0.0001). Control line 3 had the highest densities, while control
line 1 had the lowest. In summary, we could not significantly shift
Wolbachia densities based on whole-body estimates via artificial
selection.

Isofemale lines
In the original P1 generation, we measured relative Wolbachia
densities in ovaries and carcasses of isofemales 6 days post blood
feeding and post egg collection (15–17 days of adulthood).
Relative densities ranged from ~25 to ~195 and from ~0 to ~41 in
the ovaries and carcass, respectively (Fig. 2). This equated to a
mean 2.3-fold higher density in ovaries than in carcass (P < 0.0001)
(Fig. 2). We reassessed ovary and carcass densities after an
additional 8–9 generations of rearing in our 8 remaining maternal
lineages that survived the breeding process. Averaging across
lines, we saw no change in ovary densities (P= 0.073) (Fig. 3A) and
a significant decrease in the carcass density (P < 0.0001) (Fig. 3B)
compared to P1. When examining isofemale lines individually, we
found that ovary densities relative to P1 decreased for lines 1 and
2 but increased for line 8 (Supplementary Table 1). When
comparing individual maternal lines to each other at F8–9, we
found that line 8 was higher than most lines (Fig. 4A,
Supplementary Table 1). Lines 5, 6 and 7 were also higher than
several other lines. For carcass densities, we found a decrease for
all lines compared to P1 except for 7 (Fig. 4B, Supplementary
Table 2). Between F8–9 lines, we found that line 7 was higher than
most lines, and line 8 was higher than several others (Fig. 4B,
Supplementary Table 2). At generations F11–13, we reassessed lines
with the two lowest (lines 4 & 6) and highest (lines 7 & 8) densities
as measured at F8–9. The two lowest lines did not remain low,
rebounding to high densities, and the two highest changed in
opposite directions. All ovary densities in these same 4 lines
exhibited a decrease. In summary, we saw a decrease in relative
carcass densities after 8–9 generations of breeding and created
lines with distinct Wolbachia densities. However, we could not

Fig. 2 Relative wAlbB Wolbachia densities (ankyrin repeat domain
to rps17) in the ovaries and the carcass of Ae. aegypti in the
parental generation (P1). n= 39, P < 0.0001. Bars indicate tissue
means ± SE; ****P ≤ 0.0001.

AA B

Fig. 3 Relative wAlbB Wolbachia densities (ankyrin repeat domain to rps17) in the parental generation (P1) versus generations 8–9 (F8-9).
A Wolbachia densities in the ovaries of P1 versus the ovaries of F8–9 in Ae. aegypti. B Wolbachia densities in the carcass of P1 versus the carcass
of F8–9 in Ae. aegypti. For A and B, P1 n= 39 and F8–9 n= 170. Bars indicate tissue means ± SE; ns not significant; ****P ≤ 0.0001.
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maintain lines at characteristic high and low densities over
multiple generations suggesting that isofemale line creation is not
an avenue to generate stable and distinct densities through time
(Figs. 5 and 6).

Within individual tissue correlation
We measured relative Wolbachia densities in legs (pool of 6),
carcass (body minus ovaries), salivary glands, and midgut ~6 days
post blood feeding (15–17 days of adulthood) to see whether leg
densities could be used to accurately predict relative Wolbachia
densities in the remaining carcass and specific tissues in single
individuals. Leg densities were significantly (P < 0.0001) lower (1.6-
fold) than that of the total body densities (Fig. 7). Importantly, we
found a positive correlation between leg and carcass densities
(P= 0.014) (Fig. 8) with an R2 of 0.24, indicating some ability to use
legs to predict tissue densities. We also found a correlation
between salivary gland and leg densities (P= 0.043) and between
midgut and leg densities (P= 0.026), but our R2 values, 0.084
(Fig. 9A), and 0.10 (Fig. 9B), respectively, are suggestive of poor
predictive ability. We found no correlation between the salivary
gland and midgut densities (P= 0.64) (Fig. 9C). For our leg and

total carcass density dataset, we then binned the leg densities into
categories of high or low based on the mid-point value of the total
range in densities (16.09) and examined our accuracy in predicting
high and low loads in the carcass, similarly binned based on the
midpoint of their total density range (20.24). We found that we
could accurately predict relative category in the carcass 70% of
the time. By selectively focusing on legs at the extreme ends of
the density range (top and bottom quartile), we could improve
predictive accuracy up to 91% of the time. Taken together, our
results suggest that leg density estimates can be used to
accurately predict carcass densities, an approach that, while
destructive, may be useful for studying the impact of Wolbachia
on gene expression, viral loads, and metabolic phenotypes in the
carcass.

DISCUSSION
We show that artificial selection and isofemale line creation are
not effective strategies for isolating and generating genetically
similar Wolbachia strain:mosquito infections in Ae. aegypti, that
differ in their symbiont densities. Previously we studied relative
Wolbachia densities in Ae. aegypti in the framework of a modified
full sib design and showed that they varied by family (Terradas
et al. 2017). Given maternal inheritance of Wolbachia, however,
such patterns could not be labeled ‘heritable’, because the shared
maternal environment could also be determining density. In
keeping with our findings here, relative Wolbachia densities have
previously exhibited poor predictability across generations in both
Ae. aegypti (Mejia et al. 2022) and Ae. albopictus (Ahantarig et al.
2008). Regardless, having the ability to study the effect of variable
Wolbachia densities would assist with dissecting the genetic basis
of symbiont-induced traits, particularly given the inability to
genetically modify Wolbachia. As a partial solution, we have found
that within generation predictions, from legs to the remainder of
the mosquito body, may allow sufficient predictability to bin
mosquitoes a priori into the categories of low and high densities.
Such an approach offers means to carry out various -omics studies
on the mosquito body where the appropriate processing could
not involve the collection of DNA for density assessment.
There are several possible explanations for why both artificial

selection and isofemale line creation were unable to shift
Wolbachia densities. The first is that our study design could suffer
from low power. However, our estimate of power to detect
differences between control and selected lines in the artificial
selection given our strong sample sizes averaged ~0.85. Similarly,
for the comparisons between the P1 and F8-9 or F11-13 generations
for ovaries and carcass were ~1.0 given large differences between
line means in our comparisons. Specifically, with respect to our
artificial selection experiment, a decoupling of the whole-body
density from that in the ovaries could also explain our result. A
previous study in the mosquito Culex quinquefasciatus has shown
just such a disconnect (Emerson and Glaser 2017). Second, with
respect to both approaches, we may have lacked substantial
genetic variation in either the Wolbachia or the host. Many studies
have demonstrated that native hosts for Wolbachia have lower
densities than artificially infected hosts (Bian et al. 2013; Miller
et al. 2010; Osborne et al. 2012). Therefore, density is in part
dictated by yet unknown genetic factors in the host that may
include immunity (Rancès et al. 2012; Ye et al. 2013) or other
aspects of mosquito physiologies. In Wolbachia, there is a positive
correlation between gene copy numbers in the Octomom region
of the Wolbachia genome in D. melanogaster-derived strains, and
density demonstrating, that genetic factors in the bacterium also
dictate loads (Chrostek et al. 2013; Chrostek and Teixeira 2015).
Additionally, wAlbB relative density was found to be similar across
the singly infected Ae. aegypti line and when found in co-infection
in the same vector with the wMel strain (Joubert et al. 2016),
supporting our claim of Wolbachia’s genotype-based influences.

AA

B

Fig. 4 Relative wAlbB Wolbachia densities (ankyrin repeat domain
to rps17) in each family line at generations 8–9 (families 1–8)
versus the parental generation (P1). A Wolbachia densities in the
ovaries. B Wolbachia densities in the carcass. Different letters
indicate significant differences between families based on Tukey’s
test at P ≤ 0.05. P1 has n= 41 individuals and families 1–8 have
n= 24–25 individuals.
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Our selection and isofemale experiments were carried out with
two different Wolbachia strain x mosquito population combina-
tions that were optimized for high genetic variation in the vector
but not the Wolbachia. The two populations we studied may still
have lacked genetic variation for the specific trait of interest –
vector control of Wolbachia loads. Wolbachia, in both lines will
have much reduced genetic diversity, having initially been created
through a single or handful of females that became infected via
artificial transinfection (Walker et al. 2011; Xi et al. 2005).
Additionally, we know from laboratory culturing and resequencing
experiments thatWolbachia tends to evolve very slowly (Ross et al.
2022), likely due in part to the constraints of extreme bottlenecks
at each generation in the insect.
A recent study in D. melanogaster infected with wMel, showed

that inbreeding caused relative Wolbachia densities in the whole
body to reach a maximum in the host every 1–2 generations
followed by an extremely low load in the next generation (Liu and
Li 2021). We saw a similar pattern in both our artificial selection
and isofemale experiments. This cycling could be explained by
natural selection, interactions with environment, or PCR artifacts.
One could imagine scenarios where factors that limit Wolbachia

densities – such as insect immunity (Kambris et al. 2009; Ye et al.
2013), access to nutritional resources (Geoghegan et al. 2017;
Kabouridis et al. 2000; Wu et al. 2004), or access to cellular niches
(White et al. 2017), prevent Wolbachia loads from rising too high
despite selection on the symbiont to maximize transmission. This
could also be the case if the rising relative densities might be
associated with fitness costs in the vector, as shown previously
(Ant et al. 2018). Immune defense activities are themselves costly
(Ahmed et al. 2002; Schwartz and Koella 2004), which may explain
a balancing act for hosts and a cycling ofWolbachia loads, keeping
Wolbachia levels in check within a reasonable range, while not
over-reacting to them. Anecdotally, we frequently struggled to
rear the isofemale lines with high Wolbachia loads, because they
were less willing to blood feed and tended to produce smaller egg
clutches. This mirrors what has been seen previously for the over
replicating wMelPop strain both in flies (Min and Benzer 1997) and
mosquitoes (McMeniman et al. 2009) that causes higher fitness
costs, presumably due to greater Wolbachia loads. Our observa-
tion will need to remain speculative until future studies, as doing
controlled fitness experiments was not possible with lines that
were a struggle to maintain. Our goal was to fix vector genetic

A B

C D

Fig. 5 Relative wAlbB Wolbachia densities (ankyrin repeat domain to rps17) in the carcass for the lowest two (4, 6) and highest two (8, 7)
family lines at generations 8–9 (F8–9) compared to their densities at generations 11–13 (F11–13). A Wolbachia densities for the line with
lowest carcass density at F8–9 versus F11–13. B Wolbachia densities for the line with second-lowest carcass density at F8–9 versus F11–13.
C Wolbachia densities for the line with highest carcass density at F8–9 versus F11–13. D Wolbachia densities for the line with second-highest
carcass density at F8–9 versus F11–13. For A and B n= ~25 individuals. In C, 8 F8–9 n= 25 and at F11–13 n= 12. In D, n= 24 individuals. Bars
indicate tissue means ± SE; **P ≤ 0.001; ****P ≤ 0.0001.
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C D

Fig. 6 wAlbB Relative Wolbachia densities (ankyrin repeat domain to rps17) in the ovaries for family lines densities at generations 8–9
(F8–9) compared to their densities at generations 11–13 (F11–13). A Wolbachia densities for line 4 at F8–9 versus F11–13. B Wolbachia densities
for line 6 at F8–9 versus F11–13. C Wolbachia densities for line 8 at F8–9 versus F11–13. D Wolbachia densities for line 7 at F8–9 versus F11–13. In
A n= 25. In B, 6 F8–9 n= 24 and at F11–13 n= 25. In C, 8 F8–9 n= 25 and at F11–13 n= 12. In D, n= 24 individuals. Bars indicate tissue means ± SE;
**P ≤ 0.001; 0.001 < ***P < 0.0001; ****P ≤ 0.0001.

Fig. 7 Relative wAlbB Wolbachia densities (ankyrin repeat domain
to rps17) in the legs and the carcass of Ae. aegypti. n= 24,
P < 0.0001. Bars indicate tissue means ± SE; 0.001 < ***P < 0.0001.

P=0.014
R2=0.24

Fig. 8 Relationship between relative Wolbachia densities (ankyrin
repeat domain to rps17) in the legs and the carcass of Ae. aegypti.
n= 24.
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differences for relative densities across the isofemale lines, but we
may have selected against that diversity instead. Previous studies
in wasps (Mouton et al. 2003) and flies (Correa and Ballard 2012),
also showed that variation in absolute and relative Wolbachia
densities tended to decline with inbreeding, respectively. While
we aimed to keep all environmental conditions (temperature,
larval densities, etc.) consistent, they could explain how all lines in
the artificial selection regime, including control lines, exhibited
parallel cyclical changes in relative densities. Temperature can
lead to increases or decreases in Wolbachia densities (Madhav
et al. 2020; Mouton et al. 2003, 2007; Serbus et al. 2015). The wMel
strain currently used in field releases (Ulrich et al. 2016), is more
sensitive than wAlbB (Ross et al. 2017) to temperature effects.
Larval crowding and ad libitum food delivery have been shown
specifically to limit Wolbachia densities, too (Dutton and Sinkins
2004; Wiwatanaratanabutr and Kittayapong 2009).
Our results do show a correlation between the relative density

of Wolbachia wAlbB in the legs and the rest of the mosquito body
(minus ovaries) that may be used with high accuracy to separate
the remaining body into high and low relative density groups.
Wolbachia loads in mosquitoes are known to vary heavily across
mosquito tissues (Joubert et al. 2016) that could relate to effects,
like the initial distribution of Wolbachia in the early embryo, the
tissue-specific availability of appropriate cellular niches or

resources (as above), variable activity of the vector immune
response across tissues (Bonizzoni et al. 2012; Sim et al. 2012), or
the differential replication of Wolbachia across particular cell/
tissue types.

CONCLUSION
Given the origins and history of Wolbachia in Ae. aegypti we
expected the symbiont genome to contribute little genetic
variation with respect to relative density determination. Despite
working with outcrossed field populations of Wolbachia-infected
mosquitoes, and evidence from the literature that both within and
between species level variation (genetic diversity) (Kondo et al.
2005; McGraw et al. 2002; Mouton et al. 2007) can have effects on
symbiont relative density, we saw little evidence for genetic or
phenotypic variation within populations. These findings are in
keeping with situations where Wolbachia numbers have been
reassessed in field populations several years post release (Ahmad
et al. 2021; Frentiu et al. 2014). When densities did shift in
response to isofemale line creation or artificial selection, they
tended to cycle within a narrow range. This suggests that either
local tissue physiologies, interactions with the environment, or
opposing forces of natural selection on the symbiont or vector are
at play. These findings do not bode well for creating high and low-

AA

B C

P=0.043
R2=0.084

P=0.026
R2=0.10 P=0.64

Fig. 9 Relative wAlbB Wolbachia densities (ankyrin repeat domain to rps17) in the salivary glands, legs, and midgut of Ae. aegypti.
A Wolbachia densities in the legs versus the salivary glands of Ae. aegypti. B Wolbachia densities in the legs versus the midgut of Ae. aegypti.
B Wolbachia densities in the salivary glands versus the midgut of Ae. aegypti. Figures A and B have 24 individuals and Figure C has 25
individuals.

A.J. Mejia et al.

222

Heredity (2022) 129:215 – 224



relative density lines for PB trait dissection or for field release.
Continuing to explore naturally occurring distinct Wolbachia
strains that vary in density genotype may be the only useful
approach for field release (Gu et al. 2022). These findings do
suggest that there are moderating forces acting on symbiont
loads that may help to maintain stable densities in the field once
strains are released (Ahmad et al. 2021; Frentiu et al. 2014). We
have shown a destructive means for predicting high and low-
density individuals from mosquito legs, that can be used for a
range of -omics approaches that would not simultaneously allow
Wolbachia density estimation.

DATA AVAILABILITY
All raw data for the study can be found upon publication in figshare https://doi.org/
10.6084/m9.figshare.19422296.
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