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Wolbachia spp. are intracellular alpha proteobacteria closely related to Rickettsia. The maternally inherited
infections occur in a wide range of invertebrates, causing several reproductive abnormalities, including
cytoplasmic incompatibility. The artificial transfer of Wolbachia between hosts (transfection) is used both for
basic research examining the Wolbachia-host interaction and for applied strategies that use Wolbachia infec-
tions to affect harmful insect populations. Commonly employed transfection techniques use embryonic micro-
injection to transfer Wolbachia-infected embryo cytoplasm or embryo homogenate. Although microinjections of
both embryonic cytoplasm and homogenate have been used successfully, their respective transfection efficien-
cies (rates of establishing stable germ line infections) have not been directly compared. Transfection efficiency
may be affected by variation in Wolbachia quantity or quality within the donor embryos and/or the buffer types
used in embryo homogenization. Here we have compared Wolbachia bacteria that originate from different
embryonic regions for their competencies in establishing stable germ line infections. The following three
buffers were compared for their abilities to maintain an appropriate in vitro environment for Wolbachia during
homogenization and injection: phosphate-buffered saline, Drosophila Ringer’s buffer, and a sucrose-phosphate-
glutamate solution (SPG buffer). The results demonstrate that Wolbachia bacteria from both anterior and
posterior embryo cytoplasms are competent for establishing infection, although differing survivorships of
injected hosts were observed. Buffer comparison shows that embryos homogenized in SPG buffer yielded the
highest transfection success. No difference was observed in transfection efficiencies when the posterior cyto-
plasm transfer and SPG-homogenized embryo techniques were compared. We discuss the results in relation to
intra- and interspecific Wolbachia transfection and the future adaptation of the microinjection technique for

additional insects.

Maternally transmitted Wolbachia spp. are within the alpha
proteobacteria and widely infect invertebrates including nem-
atodes, mites, spiders, and an estimated >20% of insect spe-
cies (19, 20). Wolbachia infections induce a number of repro-
ductive abnormalities, including cytoplasmic incompatibility
(CI), parthenogenesis, feminization, and male killing. With the
CI phenotype, Wolbachia disrupts the coordination of host
pronuclei, resulting in karyogamy failure and embryo mortality
(13).

The ability of Wolbachia to induce CI in its host has led to
the proposal of strategies for controlling harmful insect popu-
lations. The strategies, including population replacement and
population suppression (5), require the ability to generate novel
Wolbachia-host associations via Wolbachia transfer (transfec-
tion). Transfection methods have also been used to facilitate
studies of the Wolbachia-host interaction. For example, the
interspecific transfer of Wolbachia between Drosophila simu-
lans and Drosophila melanogaster has been used to demon-
strate host effects on Wolbachia infection density and CI (3,
16).

Wolbachia transfection techniques have been developed for
multiple insects including members of the orders Diptera, Lep-
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idoptera, and Homoptera (3, 4, 9, 15-17). The methods used in
the prior studies include the direct transfer of Wolbachia-in-
fected embryonic cytoplasm and the transfer of infected em-
bryo homogenate. With both techniques, the infected tissue is
microinjected into the posterior end of early embryos, with a
goal of infecting embryonic pole cells that will develop into
germ tissues. Pole-cell infection is targeted, since this will de-
velop into germ tissue and Wolbachia is maternally inherited.
Thus, stable infection is thought to require that Wolbachia be
established in the germ tissue that will develop into ovaries.
Although the transfer of embryonic cytoplasm is the most
direct route for transfection, the use of homogenized embryos
can be required for technical reasons including the physiology
of donor embryos (4). For example, purification of Wolbachia
following embryo homogenization can reduce complications
associated with the microinjection of molecules and organelles
from donor tissue that are detrimental to a distantly related
recipient host. The use of homogenized tissue can allow the
simultaneous transfer of multiple Wolbachia types by combin-
ing different insect tissues. Wolbachia enrichment from embryo
homogenate can be used to facilitate transfection from small or
weakly infected donor insects. Although microinjection of ho-
mogenized embryos can be technically advantageous and al-
lows a broader application of Wolbachia transfection to include
additional insect systems, its use has been limited in compar-
ison with that of the cytoplasm transfer technique. Further-
more, there has not been a direct comparison of the two
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FIG. 1. Wolbachia embryonic transfer experiments with different
cytoplasms. Wolbachia bacteria from the posterior (A) and anterior
(B) of donor embryos are injected to the posterior ends of recipient
embryos.

techniques for their transfection efficiencies (defined as the
rates of establishing stable, maternally inherited Wolbachia
infections).

A difference in transfection efficiency between the cytoplasm
transfer and embryo homogenate transfer techniques can re-
sult from qualitative differences in the Wolbachia infections
within the donor tissue. For example, all Wolbachia bacteria
within an embryo may not be equally competent to establish
germ line infection. A competency difference may result due to
biological differences in Wolbachia or host factors. Injected
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polar plasm can form pole cells in the recipient embryos (8, 12,
14). An inability of Wolbachia to invade embryonic pole cells
would limit transfection success to recipient embryos that were
injected prior to pole-cell formation. In contrast, the injection
of Wolbachia contained within pole plasm could subsequently
form infected pole cells in the recipient that are derived from
donor tissue. For Wolbachia in embryo homogenate, the buffer
that provides the in vitro environment might play an important
role in the maintenance of its infectivity, as has been found for
Rickettsia (2).

Here we have compared the transfection efficiencies of Wol-
bachia bacteria originating from posterior and anterior cyto-
plasms. No difference was observed in the transfection success
rates. Three buffers were compared by using homogenate in-
jections. The results demonstrate an important effect of buffer
type on transfection efficiency. Use of a sucrose-phosphate-
glutamate solution (SPG buffer) resulted in a transfection suc-
cess rate similar to that obtained using direct transfer of cyto-
plasm.

MATERIALS AND METHODS

Drosophila strains and embryo collection. Wolbachia-infected Drosophila
simulans Riverside (DSR) and the aposymbiotic DSRT strain were used in
transfection studies (3). Flies were maintained at 25°C using standard Drosophila
rearing conditions (1). For injection experiments, early embryos of DSR (donor)
and DSRT (recipient) were collected every 30 min using agar plates with yeast
paste. Following a water rinse, embryos were dechorionated in 50% bleach for 2
min. Dechorionated embryos were rinsed with water, aligned on an agar plate,
and transferred to a glass slide with double-stick tape (Scotch, Model 666, St.
Paul, MN). Recipient DSRT embryos were partially desiccated (18) and then
covered with water-saturated Halocarbon oil 700 (Sigma-Aldrich Co., St. Louis,
MO). Donor DSR embryos were not desiccated prior to covering with oil.

Embryo homogenization. Three buffers were used for embryo homogeniza-
tion: phosphate-buffered saline (PBS) (130 mM NaCl, 7 mM Na,HPO, - 2H,0,
3 mM NaHPO, - 2H,0, pH 7.0), Drosophila Ringer’s buffer (182 mM KClI, 46

FIG. 2. Cortical distribution of Wolbachia bacteria in the early DSR embryo that are used as donors for transfection. Top, DSRT; bottom, DSR.

The posterior ends of the embryos are orientated toward the left.
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TABLE 1. Wolbachia infection in the anterior and posterior
treatments

% Infection frequency
(no. PCR positive/no.

Transfecti
PCR tested) for: % Transfection

efficiency”

Experi-

Treatment
ment

G, adult
52.9 (9/17)

G, isofemale line

0 (0/14)
0 (0/13)
0 (0/13)
100.0 (3/3)
41.7(5/12)
27.3 (3/11)
25.0 (3/12)
0(0/12)

1 Anterior 0 (0/3)

Posterior ~ 42.9 (9/21) 80 (4/5)

2 Anterior  88.9 (8/9) 33.3 (5/15)
0(0/13)
76.9 (10/13)
14.3 (2/14)
0 (0/14)
0 (0/12)
0 (0/11)
0 (0/6)

50 (1/2)

Posterior  94.7 (18/19) 33.3 (2/6)

Anterior  83.3(2024)  50.0 (6/12)
27.3 (3/11)

8.3 (1/12)

0 (0/14)

0 (0/12)

0 (0/12)
85.7 (12/14)
50.0 (6/12)
38.5 (5/13)

0(0/12)

0 (0/12)

0 (0/12)

0 (0/11)

0 (0/11)

0 (0/11)

50.0 (3/6)

Posterior  65.6 (21/32) 33.3 (3/9)

“ Numbers of stably infected lines/numbers of infected G, isofemale lines are
given in parentheses.

mM NaCl, 3 mM CaCl,, 10 mM Tris-HCIl, pH 7.2), and SPG buffer (218 mM
sucrose, 3.8 mM KH,PO,, 7.2 mM K,HPO,, and 4.9 mM L-glutamate, pH 7.2).
The three buffers were selected because of their prior use in Wolbachia trans-
fection with cell lines, Drosophila, and nematodes (4, 6, 10). For homogenization,
approximately 30 pl of dechorionated eggs was rinsed with distilled water, trans-
ferred to a new tube, and rinsed with 0.5 ml buffer. Eggs were transferred into 1
ml fresh buffer in a Dounce tissue grinder (Fisher Scientific, Pittsburgh, PA) and
briefly homogenized (~10 strokes at room temperature with the tight-fitting
B-type pestle). The homogenate was transferred to a 1.5-ml tube and centrifuged
at 300 X g for 5 min to remove large debris. The supernatant was transferred into
a separate tube and centrifuged at 12,000 X g for 10 min to pellet the Wolbachia
cells. The supernatant was removed, leaving a pellet in ~50 pl, which was
resuspended by pipetting. Debris was cleared from the suspension by centrifug-
ing at 300 X g for 3 min. The supernatant was then transferred into a clean tube
at 25°C until used for injection (<5 h).

Embryonic microinjection. Wolbachia extract or embryo cytoplasm from Dro-
sophila simulans (DSR) was microinjected into a DSRT embryo by standard
techniques (3, 18). The needles (TW100F-4; World Precision Instruments, Inc.,
Sarasota, FL) were pulled using a micropipette puller (Model P-87; Sutter
Instrument Co., Novato, CA). Injection was conducted with an IM 300 micro-
injector (Narishige Scientific Instrument Lab., Tokyo, Japan). For the posterior
and anterior treatments, cytoplasm was withdrawn from donor embryos using the
microinjector. Approximately 5% of the embryo cytoplasm was withdrawn from
the posterior and anterior ends of the embryo (Fig. 1). Cytoplasm withdrawal was
repeated sequentially with approximately 10 donor embryos and then immedi-
ately used to inject recipient DSRT embryos. Donor and recipient embryos were
manipulated prior to pole-cell formation, which occurs ~90 min after oviposi-
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tion. The injection volume was determined empirically during injections. We
assumed that the ideal injection volume would “reinflate” the desiccated recip-
ient egg but not overpressurize the egg, which would result in significant cyto-
plasm outflow following needle removal. There was significant variation during
injections due to differences in the desiccations of recipient eggs and slight
variations in needle shape. After injection, slides with aligned embryos under oil
were incubated at 21°C and 100% rH. Eggs were observed frequently so that
hatching larvae could be quickly transferred onto instant Drosophila medium
(Carolina Biological Supply Co., Burlington, NC). Subsequently, flies were
moved to 25°C and reared as described above. Virgin females resulting from
injected embryos (generation 0 [Gg]) were isolated with four DSRT males to
establish isofemale lines.

Fluorescence in situ hybridization. Embryos were dechorionated as described
above and fixed in 4% formaldehyde-PBS (50:50) for 10 min. After that, embryos
were rinsed six times with PBT (0.1% Tween 20 in PBS). Hybridization was
conducted following the manufacturer’s instructions (GeneDetect, Bradenton,
FL) with the buffer containing 100 ng probes at 37°C overnight. The following
two fluorescein isothiocyanate 5'-end-labeled 16S rRNA gene Wolbachia probes
(synthesized by Sigma-Genosys Ltd., Haverhill, United Kingdom) were used:
wRi 603 (5'-ACCAGATAGACGCCTTCGGCC-3") and wRi 409 (5'-CTTCTG
TGAGTACCGTCATTATC-3"). wRi 603 was designed from 16S rRNA genes of
Wolbachia from DSR; wRi 409 was used in the previous studies (11). After
hybridization, embryos were mounted on slides in Vectashield medium (Vector
Laboratories, Burlingame, CA) and observed using a TCS NT confocal micro-
scope (Leica Microsystems UK Ltd.).

PCR screening for infection status. General wsp primers (81F/691R) were
used for Wolbachia detection as previously described (22). Following the pro-
duction of G, pupae, G, females were sacrificed for use in PCR assays. G,
females testing negative for Wolbachia infection were discarded along with their
progeny. G, males were PCR assayed for Wolbachia infection at the same time
as the females. Following eclosion and mating, approximately 12 G, females
were isolated in media vials to establish isofemale lines. Following the produc-
tion of G, pupae, G, females were assayed for Wolbachia infection using PCR.
G, females that tested negative for Wolbachia infection were discarded along
with their progeny.

Cytopl ic inc

patibility cr g assays and statistical analysis. Tests
were performed at 25°C. Three virgin 5-day-old females were mated with two
virgin 4-day-old males in a Drosophila medium vial for 2 days. Flies were then
transferred into containers fitted with yeast-covered apple juice plates. After
24 h, the plates were removed. Egg hatch was assessed >36 h after oviposition.
CI is calculated as the percentage of egg mortality. Statistical comparisons of
infection status were conducted using chi-square or Fisher’s exact tests, depend-
ing upon sample size. Kruskal-Wallis analysis was used in statistical comparisons
of egg mortality levels (CI levels). All statistical comparisons were performed
using SAS version 8.0 (SAS Institute, Cary, N.C.).

RESULTS

Prior studies of Drosophila embryos have shown a higher
density of Wolbachia in the peripheral egg cytoplasm (3). To
directly characterize Wolbachia infection levels in the D. simu-
lans strain used here, a fluorescence in situ hybridization tech-
nique was used to visualize Wolbachia in embryos. Consistent
with the prior reports, higher levels of Wolbachia infection
were observed in the cortical regions, and Wolbachia bacteria
are present in both the anterior and the posterior areas (Fig.
2).

To examine for a difference in the transfection efficiencies of
posterior and anterior cytoplasms, a strategy diagramed in Fig.
1 was used. Anterior or posterior cytoplasm of infected DSR
donor embryos was microinjected into the posterior of unin-
fected embryos (DSRT). Injected individuals surviving to
adulthood (G, adults) were examined for Wolbachia infection
by PCR. No difference (chi-square result, 0.751; df = 1; P >
0.3) was observed in the frequencies of G, Wolbachia infection
in a comparison of the anterior (75.0% = 19.4%; three exper-
iments; Table 1) and posterior (67.4% = 26.0%; three exper-
iments) treatments.
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TABLE 2. CI level of transfected lines (Gs)

Cross

% Egg mortality No. of eggs/cross No. of
Female Male® (average = SD) (average = SD) crosses
DSRT  Posterior 91.6 £ 3.6 102 = 83 8
DSRT  Anterior 94.6 = 6.2 135 =88 8
DSRT  Ringer’s 94.1 = 6.4 75 =34 7
DSRT SPG 92.1 = 4.0 113 =33 5
DSRT DSR 86.3 £ 9.7 124 =55 13
DSRT DSRT 9.6 £7.0 116 = 62 11
DSR Posterior 157178 87 £ 47 6
DSR Anterior 14.0 = 12.8 99 = 49 6
DSR Ringer’s 95*54 83+ 17 5
DSR SPG 141 =57 93 = 18 6
DSR DSR 11.2 =83 102 = 65 12

“ Description indicates the type of injection.

PCR detection of Wolbachia in G, females may not reflect
stable transfection. For example, G, PCR detection could re-
sult from a somatic infection or an artifact associated with the
microinjection technique and PCR detection. To determine
which lines represented stable transfections, females from G,
isofemale lines were PCR assayed. As shown in Table 1, no
difference (Fisher’s exact test, P > (.7) in the transfection
efficiency was observed between the anterior (33.3% *+ 28.9%;
three experiments) and posterior (48.9% = 27.0%; three ex-
periments) treatments. As additional confirmation of stable
transfection, approximately three G, females were PCR tested
from each isofemale line. All of the G, females were positive
for infection. Subsequently, randomly selected lines from both
the anterior and the posterior treatments have been main-
tained. A PCR assay at G, demonstrates that the isofemale
lines continue to be infected.

As confirmation that PCR-positive transfected lines repre-
sent Wolbachia infections capable of inducing CI, crosses of
transfected lines were used to determine CI levels in the Gs
generation. The results are shown in Table 2. Low egg mor-
tality (<16%) was observed in the compatible crosses (i.e.,
crosses of DSR females and the DSRT X DSRT cross). No
difference in egg mortality was observed between the compat-
ible crosses (Kruskal-Wallis; df = 5; P > 0.2). In contrast, more
than 90% mortality resulted from crosses of uninfected DSRT
females with the transfected males. The high egg mortality is
similar to that observed in the incompatible cross between
DSRT females and DSR males and is consistent with expec-
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tations of CI. Although the egg mortality was higher in crosses
of DSRT females with transfected males relative to that in
control crosses of DSRT females and DSR males, the differ-
ence was not significant (Kruskal-Wallis; df = 4; P > 0.006).

As shown in Table 3, similar egg hatch rates (chi-square
result, 0.043; df = 1; P > 0.8) were observed in the anterior
(28.3% = 7.2%) and posterior (33.0% = 4.7%) treatments. In
contrast, a higher larval survivorship (chi-square result, 10.812;
df = 1; P < 0.001) was observed in the posterior treatment
(553% = 6.5%) than in the anterior treatment (34.9% =
6.6%). No difference was observed in pupal survivorships
(Fisher’s exact test; P > (.2) or sex ratios (chi-square result,
0.344; df = 1, P > 0.5).

To characterize the effect of buffer type on Wolbachia trans-
fection success, three buffers were compared: PBS, Ringer’s,
and SPG buffer. The frequencies of G, Wolbachia infection in
the surviving adults were similar (chi-square result, 2.339; df =
2; P > 0.3) among the three buffer treatments (Table 4).
However, the transfection efficiencies differed significantly be-
tween the buffer types. Specifically, the transfection efficiency
with SPG is significantly higher than those with Ringer’s (Fish-
er’s exact test; P < 0.01) and PBS (Fisher’s exact test; P <
0.005). Transfection efficiencies did not differ between the
Ringer’s and PBS buffers (Fisher’s exact test; P > 0.9). Lower
larval survivorship (chi-square result, 15.256; df = 2; P <
0.0006) and pupal survivorship (chi-square result, 10.513; df =
2; P < 0.006) were observed with the PBS buffer relative to the
other buffer treatments (Table 5). The SPG and Ringer’s
buffer treatments did not differ in their larval survivorship
(chi-square result, 0.119; df = 1; P > 0.7) or pupal survivorship
(chi-square result, 1.016; df = 1; P > 0.3) rates. No effect was
observed due to buffer type on egg hatch rates (chi-square
result, 5.711; df = 2; P > 0.05) or sex ratios (chi-square result,
2.292; df = 2; P > 0.3).

Our results demonstrate that with the use of the SPG buffer,
transfection efficiencies can be obtained that are similar to that
of the posterior cytoplasm transfer technique. No difference
(Fisher’s exact test, P > 0.2) was observed in the comparison of
transfection efficiencies of the posterior (48.9% = 27.0%; de-
scribed above) and SPG (69.2%; Table 4) treatments. No dif-
ference in survivorship (chi-square result, 1.866; df = 1; P >
0.1) was observed between the posterior (7.6%; 36 females/474
injected eggs; Table 3) and SPG (10.8%; 37 females/342 in-
jected eggs; Table 5) treatments.

TABLE 3. Survival rates from anterior and posterior treatments

% Survival to:

. Sex ratio

Experiment Treatment Hatch Pupation Eclosion (female/total)
(larvae/eggs) (pupae/larvae) (adult/pupae)

1 Anterior 30.9 (51/165) 37.3 (19/51) 89.5 (17/19) 58.8 (10/17)
Posterior 24.6 (48/195) 47.9 (23/48) 95.7 (22/23) 50.0 (11/22)

2 Anterior 20.2 (33/163) 27.3 (9/33) 100.0 (9/9) 55.6 (5/9)

Posterior 33.0 (33/100) 57.6 (19/33) 100.0 (19/19) 42.1 (8/19)

3 Anterior 33.8 (68/201) 39.7 (27/68) 88.9 (24/27) 33.3(8/24)
Posterior 32.4 (58/179) 60.3 (35/58) 94.3 (33/35) 51.5 (17/33)
Average of three experiments = SD Anterior 28372 349 * 6.6 928 6.2 492 £ 139

Posterior 33.0 £ 4.7 553+ 6.5 96.7 = 8.0 479 =51
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TABLE 4. Wolbachia infection in different buffer treatments

% Infection frequency for: % Transfection

Treatment efficiency”

G()a Glb

PBS 55.8 (24/43) 0(0/3)

0 (0/11)

0 (0/6)

0 (0/10)

0(0/13)

0(0/7)

0 (0/14)

0 (0/9)

17.6 (3/17)

0(0/22)

0(0/19)

0 (0/18)

0(0/3)

0 (0/15)

0 (0/18)

0 (0/15)

0(0/13)

0 (0/10)
100.0 (12/12)
100.0 (15/15)

37.5 (6/16)
31.3(5/16)
31.3 (5/16)
25.0 (3/12)
20.0 (3/15)

8.1 (13/16)

7.7 (1/13)

0 (0/15)

0 (0/15)

0 (0/14)

0 (0/16)

“ Numbers of PCR-positive G, adults/numbers of PCR-tested G, adults are
given in parentheses.

® Each row represents a G, isofemale line established from an infected G,
female; rows show the percent G; infection frequency for each isofemale line
(number of PCR-positive G, females/number of PCR-tested G, females).

¢ Numbers of stably transfected lines and numbers of infected G, lines are
shown in parentheses.

0 (0/8)

Ringer’s 67.4 (31/46) 10 (1/10)

SPG 69.4 (50/72) 69.2 (9/13)

DISCUSSION

Here we show that Wolbachia bacteria from both anterior
and posterior embryo cytoplasms are competent for establish-
ing stable infection in D. simulans. The anterior and posterior
treatments resulted in similar frequencies of G, PCR-positive
individuals. G, PCR-positive individuals demonstrate that
Wolbachia DNA persisted in <1-h-old embryos into adult-
hood, suggesting the presence of viable Wolbachia bacteria and
not of an artifact of residual Wolbachia DNA. This was con-
firmed via PCR assays of the G, and subsequent generations,
demonstrating vertical inheritance. Crossing test results were
consistent with expectations for Wolbachia-induced CI in the

TABLE 5. Survival rates with different buffer treatments

% Survival to:

Treatment : : Sex ratio
Hatch Pupation Eclosion (female/total)
(Larvae/eggs)  (Pupae/larvae)  (Adult/pupae)
PBS 32.1(143/446) 18.8(84/143)  51.2(43/84) 41.9 (18/43)
Ringer’s  29.9 (90/301)  22.9 (69/90) 66.7 (46/69) 34.8 (16/46)
SPG 38.3 (131/342) 30.1(103/131) 73.8 (76/103)  48.7 (37/76)
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transfected lines. No differences in CI levels were observed
between the anterior, posterior, and buffer treatments.

PCR-positive G, individuals were consistently observed to
transmit the Wolbachia infection to offspring. This has impli-
cations for subsequent transfection efforts. While intensive
PCR screening is required in G, and G, to identify infected
lines, we observed it to be unusual to lose the infection from
infected G, lines. Thus, screening efforts may be reduced fol-
lowing the recognition of G,-positive lines. In contrast, PCR-
positive G, females frequently resulted in uninfected G, lines.
Possible explanations could be that the G,, positives represent
a PCR artifact (residual Wolbachia DNA), that G, infection is
limited to somatic tissue, or that ovaries are partially or weakly
infected.

Although both anterior and posterior injections resulted in
transfected lines, considerable variation was observed between
replicate experiments (Table 1). A possible explanation for the
variability includes variation in needle shape, which changes
during injections due to small breaks. The volume of material
injected also changes unpredictably due to clogging of the
needle. Thus, constant adjustment is needed during sequential
injections.

Comparison of anterior and posterior cytoplasm injections
did not show a significant difference in Wolbachia transfection
success (Table 1). However, interpretation is complicated by
the experimental variability described in the preceding para-
graph. Furthermore, the transfection efficiencies as defined in
Tables 1 and 4 can be biased by the number of G, isofemale
lines obtained. For example, some G, females produced fewer
than seven G, daughters. The number of replicate experiments
described here is sufficient to detect obvious differences, such
as the observed effect of buffer type. While an obvious differ-
ence between the anterior and posterior treatments was not
observed, additional replicates might identify more subtle ef-
fects. For example, although not statistically significant, there
is a trend for higher levels of vertical inheritance between G,
and G, in the posterior treatments (G, isofemale frequency;
Table 1).

As a difference between the anterior and posterior treat-
ments was not observed, we hypothesized that mixing anterior
and posterior cytoplasms via embryo homogenization should
not be detrimental to transfection efficiency. However, the
preparation of embryo homogenate could reduce Wolbachia
viability. Therefore, three homogenization buffers were exam-
ined for their effects on Wolbachia viability as measured by
transfection efficiencies. The results demonstrate significant
differences between the buffers, with SPG resulting in the high-
est transfection efficiency (69.2%). In contrast, embryo homog-
enization in PBS or Ringer’s buffer leads to complete or partial
loss of Wolbachia infectivity.

The SPG buffer used here was originally designed and op-
timized for Rickettsia (2). Thus, we hypothesized that the en-
vironment provided by SPG buffer would also be suitable to
maintain Wolbachia in vitro because of similar metabolic prop-
erties shared by Rickettsia and Wolbachia (21). A possible
reason for the success of the SPG buffer may be that glutamate
is important for Wolbachia survival in vitro. Prior character-
ization of the wMel Wolbachia genome suggests that Wolba-
chia obtains much of its energy from amino acids (21). Limited
carbohydrate metabolism in Wolbachia suggests that the su-
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crose in SPG may also be important to Wolbachia survival in
vitro (21). The possibility that SPG buffer increases the infec-
tivity of germ cells cannot be excluded.

The larval survival rate was significantly higher in the pos-
terior treatment relative to that in the anterior treatment. This
is likely due to differing cytoplasmic components. For example,
bicoid and nanos occur along opposite gradients in embryos
and are important in anterior and posterior development.
Prior work shows that manipulation of the gradient via transfer
of bicoid or nanos can corrupt normal development and result
in mortality (7, 8). Thus, increased mortality in the anterior
treatment may have resulted from misplaced morphogens in
the embryo.

Wolbachia transfection between different invertebrate spe-
cies, generating novel infection types, has been used to under-
stand mechanisms of reproductive manipulations and other
host-bacterium interactions. Furthermore, Wolbachia transfec-
tion is required for the applied strategies that use Wolbachia
infections to affect populations of insect pests and disease
vectors. Here we have demonstrated that Wolbachia bacteria
from both anterior and posterior embryo cytoplasms are com-
petent for establishing infection. Comparison also demon-
strates that the SPG buffer provides an appropriate in vitro
environment for Wolbachia, resulting in a transfection success
rate comparable to that obtained by the direct transfer of
infected embryonic cytoplasm. An ability to utilize homoge-
nized embryos as a source of Wolbachia in transfections is
expected to simplify future transfection attempts, especially
with donor insects that are small or weakly infected.
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