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ABSTRACT

Bacteria that cause cytoplasmic incompatibility (CI) are perhaps the most widespread parasites of
arthropods. CI symbionts cause reproductive failure when infected males mate with females that are either
uninfected or infected with a different, incompatible strain. Until recently, CI was known to be caused only by
the a-proteobacterium Wolbachia. Here we present the first study of the population biology of Cardinium, a
recently discovered symbiont in the Bacteroidetes that causes CI in the parasitic wasp Encarsia pergandiella
(Hymenoptera: Aphelinidae). Cardinium occurs at high frequency (~92%) in the field. Using wasps that
were recently collected in the field, we measured parameters that are crucial for understanding how CI
spreads and is maintained in its host. CI Cardinium exhibits near-perfect rates of maternal transmission,
causes a strong reduction in viable offspring in incompatible crosses, and induces a high fecundity cost, with
infected females producing 18% fewer offspring in the first 4 days of reproduction. We found no evidence for
paternal transmission or horizontal transmission of CI Cardinium through parasitism of an infected
conspecific. No evidence for cryptic parthenogenesis in infected females was found, nor was sex allocation
influenced by infection. We incorporated our laboratory estimates into a model of CI dynamics. The model
predicts a high stable equilibrium, similar to what we observed in the field. Interestingly, our model also
predicts a high threshold frequency of CI invasion (20% for males and 24% for females), below which the
infection is expected to be lost. We consider how this threshold may be overcome, focusing in particular on
the sensitivity of CI models to fecundity costs. Overall our results suggest that the factors governing the

dynamics of CI Wolbachia and Cardinium are strikingly similar.

ICROBES that cause reproductive incompatibility

in their hosts, commonly known as cytoplasmic
incompatibility (CI) symbionts, are among the most prev-
alent parasites of arthropods and have thus far been
reported in seven orders, including beetles, mosquitoes
and other flies, wasps, planthoppers, moths, mites, and
isopods (BREEUWER 1997, HOFFMANN and TURELLI 1997;
MORET et al. 2001; HUNTER et al. 2003; GoTOH et al. 2007).
Cytoplasmic incompatibility symbionts are generally
strictly maternally inherited (as are mitochondria). At
its simplest, CI occurs when infected male hosts mate
with uninfected females, producing few or no viable
offspring. Infected females are at a reproductive advan-
tage relative to uninfected females because they produce
viable offspring when mated to both infected and un-
infected males. CI symbionts thus decrease the fitness of
uninfected females instead of increasing that of infected
ones (WERREN and O’NEILL 1997). While the mecha-
nism isnotknown, the CI phenotype fitsa “modification-
rescue” model (WERREN 1997), in which sperm from
infected males are modified such that the proper union
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of paternal and maternal chromosomes can occur only
when both parents harbor compatible CI strains. In
incompatible eggs, the embryo generally dies before
hatching.

CI infections can spread rapidly, with infected indi-
viduals quickly replacing uninfected ones. In one dra-
matic example of the transformational power and speed
of a CI invasion, TURELLI and HorFmaNN (1991) cap-
tured the spread of Wolbachia-infected Drosophila simu-
lansacross California in just a few years time. The spread
of CI infections are of interest because they may cause
significant evolutionary change in host populations, in-
cluding reductions in mitochondrial diversity, and life
history changes associated with infection (e.g., alowered
fecundity or shortened life span) (HOFFMANN and TURELLI
1997). Understanding CI symbiont spread is also impor-
tant for their application in controlling medically and
economicallyimportant pestspecies (SINKINS et al. 1997;
X1 et al. 2005). Potential control approaches include
using CI to drive a beneficial gene into a host popula-
tion, such as a gene that makes a mosquito refractory to
malaria transmission, or using a CI strain that causes
early death (and reduces the parasite transmission po-
tential) of its host. Mass release of incompatible males
has also been proposed as a means of population
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suppression or eradication (LAVEN 1967; ZABALOU e al.
2004).

Assuming strict maternal transmission, theory pre-
dicts that the main factors determining whether a CI
symbiont will spread within a population are the (1)
fitness cost of the infection, (2) severity or strength of in-
compatibility (i.e., relative progeny production of incom-
patible vs. compatible crosses), and (3) fidelity of vertical
transmission (CAsPARI and WATsoN 1959; HOFFMANN
et al. 1990; TUrRELLI 1994; TURELLIand HOFFMANN 1995;
RasGcon and Scott 2003). With perfect maternal trans-
mission and no fitness costs to the infection, CI infec-
tions will sweep through the population and become
fixed. In the more realistic case of imperfect maternal
transmission and/or fitness costs to the infection, there
are three possible equilibria; the first is zero (i.e., loss of
infection), and the second is a stable equilibrium, with
infections often close to fixation. The third is an un-
stable intermediate equilibrium; this is the “threshold
frequency” below which the infection will be lost and
above which it will reach the stable polymorphism. The
threshold frequency is, at its simplest, determined by
the ratio of the selection against infected individuals
due to fecundity costs and selection against uninfected
individuals due to Cl-induced reduced egg hatch
(HorrmanN and TureLLr 1997). Given that there are
often fitness costs to having the infection, it is important
and sometimes difficult to understand how this thresh-
old is overcome and how infections reach high frequen-
cies in nature.

All of the experimental and theoretical work on the
population biology of CI has been done on the a-pro-
teobacterium Wolbachia, which was previously thought to
be the only causal agent of CI. However, an unrelated
bacterial symbiont, Candidatus Cardinium (henceforth
called Cardinium), was recently shown to cause Cl in the
parasitoid wasp Encarsia pergandiella (Hymenoptera:
Aphelinidae) (HUNTER et al. 2003; ZcHORI-FEIN et al.
2004) and in the spider mite Fofetranychus suginamensis
(GortoH et al. 2007). Cardinium is in the Bacteroidetes
group and thus in a different bacterial phylum than
Wolbachia. Like Wolbachia, Cardinium is widely dis-
tributed in arthropods (WEEKS et al. 2003; ZCHORI-FEIN
and PErLMAN 2004) and is associated with a number of
phenotypes involved in the manipulation of host re-
production, including host feminization and induction
of parthenogenesis (WEEKS et al. 2001; ZCHORI-FEIN et al.
2001). The discovery of a novel lineage of symbionts that
causes CI offers the possibility of comparative analysis
of the mechanisms and consequences of reproductive
manipulation.

In this article, we report the first study of the popu-
lation biology and ecology of CI Cardinium. Our goal is
to understand whether the factors governing the main-
tenance and spread of CI differ between the two un-
related symbionts, Cardinium and Wolbachia. In addition
to determining Cardinium infection frequency in E.

pergandiella in the wild, we measure factors that are
crucial in CI symbiont maintenance and spread, includ-
ing effects on host fitness and sex allocation and efficiency
of vertical transmission. We test whether Cardinium
can be transmitted via paternal transmission or hori-
zontally through parasitism of an infected conspecific
(see MATERIALS AND METHODS) and whether there are
low levels of parthenogenesis associated with infection.
We then incorporate these factors into a model of CI
Cardinium dynamics to predict the invasion threshold
and stable equilibrium frequencies.

MATERIALS AND METHODS

E. pergandiella and autoparasitism: E. pergandiella wasps are
minute (~1 mm) parasitoids of whiteflies. Adult females lay
eggs singly at immature stages of their hosts, and their progeny
develop, eventually killing and consuming their host entirely
before pupation and emergence. In addition, E. pergandiella,
like almost all Encarsia species, has an unusual life history that
is characterized by obligate sex-specific differences in host use
(HuNTER and WooLLEY 2001). Whereas female E. pergandiella
eggs are laid and develop in whitefly immatures, male E.
pergandiella eggs are laid and develop in late larval-pupal
stages of other parasitoid wasps developing within the whitefly.
Hosts for male E. pergandiella eggs include female conspecifics.
This unusual life history is termed autoparasitism (HUNTER
and WooLLEY 2001). Sex-specific host use is enabled by haplo-
diploid sex determination in wasps, where females determine
the sex of their offspring by selective fertilization: males
develop from unfertilized (haploid) eggs, and females from
fertilized (diploid) eggs. E. pergandiella females thus lay female
eggs when they encounter whitefly hosts and male eggs when
they encounter developing wasps.

E. pergandiella attacks many species of whitefly and has been
used in the biological control of the sweet potato whitefly
Bemisia tabaci (Hemiptera: Aleyrodidae), a worldwide pest of
crops (GooLsBY et al. 1998). Male E. pergandiella develop as
parasitoids of many species of wasps. E. pergandiella consists of a
number of well-characterized reproductively isolated lineages
that differ in reproductive mode—sexual vs. strictly parthe-
nogenetic reproduction—and in the orientation of the pupa
within the whitefly (L1u and STANSLY 1996). One lineage of E.
pergandiella, collected in Brazil, is strictly parthenogenetic and
infected with a strain of Cardinium (ZcHORI-FEIN et al. 2001).
Our study concerns the sexual lineage that pupates with the
ventral side facing up and attacks B. tabaci in the Rio Grande
Valley of Texas. This lineage is infected with a different strain
of Cardinium that causes CI (HUNTER et al. 2003). In in-
compatible crosses, wasps lay (fertilized) eggs in whiteflies, but
these eggs do not hatch; this is the predominant type of CI
found in haplodiploid species and is termed the “female
mortality” type (BREEUWER 1997; VAVRE et al. 2000, 2003). In
the second, less common type of CI in haplodiploids, termed
the “male development” type, incompatible offspring develop
as males after the paternal set of chromosomes is completely
destroyed, leaving a haploid (i.e., male) embryo (BREEUWER
and WERREN 1990).

Infection frequency, PCR, and wasp culturing: To deter-
mine the frequency of Cardinium infection in the field, we
collected wasp pupae in the lower Rio Grande Valley in Texas
in October 2003. We collected wasps at two sites separated by
~30 miles in agricultural fields (lettuce and melon) in the
vicinity of Weslaco, Texas, in October 2003. At this time,
E. pergandiella was uncommon relative to native and exotic
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parasitoids in the genus Eretmocerus. A trip to resample
infection frequencies in autumn 2006 was not successful, as E.
pergandiella had become extremely rare relative to two exotic
species, Eretmocerus mundus and Encarsia sophia, both of which
were introduced to control the exotic biotype “B” of B. tabaci.

Pupae from the 2003 collection were returned to the lab,
and after emergence, adults were killed and PCR was used to
assess infection. The DNA extraction protocol is described
in HUNTER et al. (2003). We used the Cardinium-specific 16S
rDNA diagnostic primers CLOf and CLOr (WEEKS et al. 2003).
Our reaction mixture consisted of 0.8 wl 10 mm dNTPs, 0.5 pl
25 mm MgCly, 0.5 pl 5 pmol primers, 0.25 units Taq, 2 pl 10X
buffer, and 2 pl template in a 10-ul reaction. PCR reaction
conditions consisted of 40 cycles of 60 sec at 95°, 60 sec at 50°,
and 90 sec at 72°.

Initially, PCR using insect mitochondrial primers (mtd10
and mtd12; KENyoN and HUNTER 2007) was used as a positive
control for our DNA extractions. However, we also developed a
single-copy nuclear gene PCR assay as a more conservative test
of the sensitivity of our DNA extraction method. We therefore
designed primers to amplify an ~400-bp fragment of EF1-a (f1
copy) in E. pergandiella. EF1-o occurs as a duplication in many
Hymenoptera (DANFORTH and J1 1998). We first used the
degenerate primers, EF1-For3 and Chol0 (DANFORTH and
J1 1998), and produced two bands. Bands were cloned and
sequenced, and primers amplifying a portion of only the fl
copy were designed (EpergEF-F CGTCAAGGAGCTCCGTCG
CGGTTACGTCACCGGCG; EpergEF-R CGCATGTCGCGCA
CGGCGAATCTACCGAGAGGCGG). The sequence correspond-
ing to this amplified product has been deposited in GenBank
(accession no. EU186066). Reaction conditions were as with
the Cardinium-specific primers. Both the mitochondrial and
Efl-a primers consistently amplified products from our single-
wasp DNA extractions. Finally, uninfected wasps (from a lab
culture) and no-DNA negative controls were run as well, to
guard against contamination (false positives).

We also established a laboratory culture from infected wasps
collected on this trip to be used in fitness, sex allocation, and
horizontal transmission experiments. This culture appeared
fixed for Cardinium infection. We also reconfirmed the ab-
sence of Wolbachia in E. pergandiella by PCR, using Wolbachia-
specific primers (HUNTER ef al. 2003). Rearing conditions for
the culture were as described in HUNTER et al. (2003). Cured
laboratory cultures were derived from infected cultures,
following three generations of antibiotic treatment, and at
least one additional generation to remove potential maternal
effects. Cured and infected cultures therefore had similar
genetic backgrounds. Wasps were cured of their infection by
feeding adults 50 mg/ml rifampicin in honey solution for
48 hr. We used PCR from single-wasp extractions to monitor
infection status.

Maternal transmission efficiency: Our laboratory cultures
appeared fixed for CI Cardinium, suggesting that transmission
in the laboratory is close to perfect. To assess vertical trans-
mission efficiency in conditions that might more accurately
reflect those in the field, we assessed the infection status of
the offspring of 20 females that were collected in the field as
pupae. Upon emergence as adults, these females were mated
to uninfected males from our laboratory culture. Adult fe-
males were then allowed to oviposit in arenas consisting of leaf
disks bearing whitefly nymphs, all set on agar in a 35-mm petri
dish (HUNTER et al. 2003). The female offspring were reared
until adulthood, and both mothers and offspring were tested
for infection using PCR.

Testing for paternal transmission: To test for paternal
transmission of Cardinium, infected males were mated with
uninfected females and set on two whitefly-infested plants. All
emerging daughters were collected (i.e., the few offspring

resulting from an incompatible cross) and tested for Cardi-
nium infection via PCR.

Testing for horizontal transmission via autoparasitism:
Horizontal transmission of symbionts among immature para-
sitoids developing within the same insect host has been pre-
viously demonstrated, including transfer of Wolbachia among
conspecific Trichogramma in moth eggs (WERREN et al. 1986;
HuliGens et al. 2000). Rates of horizontal transmission have
not been reported for Cardinium. We tested whether Encarsia
males can pick up Cardinium from infected female conspe-
cifics when developing on them. We expected that males that
became infected in this way would not transmit the symbiont
(i.e., no paternal transmission), but frequent horizontal trans-
fer from infected females to males could raise the frequency of
infected males and the frequency of Cl and assist spread of a CI
symbiont. Our experimental protocol ensured that all emerg-
ing males were the sons of uninfected females but had de-
veloped on infected females. First, we set Cardinium-infected
female wasps on whitefly hosts. All adult females were removed
3 days later by exposing plants to a dichlorvos-impregnated
pesticide strip for 2 hr (Hot Shot No Pest Strip, St. Louis).
Fumigation kills adult wasps but does not affect whiteflies or
immature parasitoids. Six days later, when developing wasps
were young larvae, we removed all leaves from plants and set
leaf disks in agar in petri dishes. Nine days later, we set un-
infected virgin females on these leaf disks with female pupae
for 24 hr, so that they would lay (uninfected) male eggs. Leaves
were examined daily and emerging males were isolated and
scored for infection via PCR.

Cytoplasmic incompatibility: We confirmed the presence
and expression of CI Cardinium in the wasps from the 2003
field collections, repeating the CI experiments described in
HUNTER et al. (2003). The experiment was conducted on
individuals that were nine generations removed from the field.
We conducted single-pair crosses in all four possible combina-
tions (infected/cured, male/female) and set mated females
for 6 hr on leaf-disk arenas, as described above. In this ex-
periment, each leaf disk contained 30 late third or early fourth
instar whitefly hosts and each treatment was replicated 12
times. In the previous study, we found that the offspring of
an incompatible cross die in the egg stage and cause de-
velopmental arrest of the whitefly host (HUNTER ef al. 2003).
Arrested whiteflies can remain alive for days to weeks and never
complete development (M. S. HUNTER, S. J. PERLMAN and S. E.
KeLLy, unpublished results). We recorded all emerged white-
flies (i.e., unparasitized), arrested whiteflies, and developing
wasp pupae and used logistic regression to compare the
proportion of developing vs. dead wasps (i.e., arrested white-
flies) between the four different crosses. Due to the obligate
sex-specific host use of E. pergandiella, only female (i.e., fertil-
ized) eggs are laid in whitefly hosts.

Cryptic parthenogenesis: As mentioned previously, a par-
thenogenetic population of E. pergandiella is infected with a
closely related strain of Cardinium. We were interested in de-
termining whether the CI-Cardinium strain might also occa-
sionally cause parthenogenesis, as this could potentially affect
symbiont dynamics. We placed 26 infected virgin females (iso-
lated as pupae from field collections) individually in leaf-disk
arenas bearing whitefly nymphs for at least 12 hr. To minimize
the possibility that the experimental females were siblings, we
did notinclude more than one female collected from the same
plant leaf. Adult females were removed, and the arenas incu-
bated and later examined for progeny production. Because
sex-specific host use is strictly obligate, virgin sexual females do
not ordinarily lay eggs in whiteflies, nor are male eggs able to
develop in these hosts. Thus, sexual females would not be
expected to produce any offspring, while parthenogens would
be expected to produce female progeny.
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Effect of CI Cardinium on sex allocation: The spread of a
CI symbiont can be enhanced by a greater female bias in the
offspring of infected females relative to uninfected individuals
(Ecas et al. 2002). We tested whether CI Cardinium causes a
female sex-ratio bias by inducing infected wasps to lay more
eggs in whiteflies (female offspring) than in wasps (male off-
spring). This possibility was suggested to us by evidence that
host preference in the parthenogenetic E. pergandiella is in-
fluenced by infection status (KENYON and HUNTER 2007).
Arenas consisted of 35-mm petri dishes containing a grid of
alternating whitefly and wasp hosts on leaf disks on moistened
filter paper, with 16 hosts of each type. In this experiment,
wasp hosts consisted of Eretmocerus eremicus (Hymenoptera:
Aphelinidae) pupae, which are one of many possible hosts for
E. pergandiellamales in nature (GERLING 1966). Whiteflies were
late third—early fourth instar nymphs. Experimental E. pergan-
diella females were mass mated to males of similar infection
status and placed individually in experimental arenas for 5 hr.
Hosts were incubated at 25° for 24 hr, after which they were
refrigerated until they could be dissected and the number of
eggs within each host determined. Any females that did not
oviposit in whitefly hosts were removed from the analysis, as it
was possible that these were unmated and would not lay female
eggs. We compared the proportion of female eggs laid by in-
fected vs. uninfected wasps using a ttest, following arcsine-
square-root transformation.

Effect of CI-Cardinium infection on host female fecundity:
One- to 2-day-old cured and infected females were paired for
24 hr in small vials with a male of the same infection status.
Females were then placed individually on whitefly-infested leaf
disks. We recorded any developing wasp larvae and compared
fecundity at 2, 4, 6, and 8 days of adult age, after which most
of the wasps had died. This experiment was performed in two
blocks. In the first, wasps were transferred to new whitefly-
infested leaves every 2 days, and in the second, they were trans-
ferred daily. We used repeated-measures ANOVA to compare
fecundity of infected and uninfected females. Only female
eggs were laid in this experiment, as only whitefly hosts were
available for oviposition.

RESULTS

Infection frequency: Of 52 field-collected E. pergan-
diella, 48 (92.3%; 95% binomial confidence interval of
81.4-97.9%) were infected with Cardinium. If we in-
clude only one wasp per plant leaf in our survey to mini-
mize the possibility that individuals collected on the
same leaf may have been siblings, 27 of 29 (93.1%; 95%
binomial confidence interval of 77.2-99.2%) wasps were
infected. One leaf yielded a mixture of infected and
uninfected individuals.

Maternal transmission efficiency: All but 2 of the 510
offspring that we tested (from a total of 20 different field-
collected females) were infected (99.6%; 95% binomial
confidence interval of 98.6-100%). These uninfected
females were from two different mothers.

Paternal and horizontal transmission: We did not find
any evidence for paternal transmission (0/86 individuals
tested were infected). Nor did we find evidence for hori-
zontal transmission via autoparasitism. None of the 207
males that developed on infected females was infected.

Cytoplasmic incompatibility: Matings from the pre-
dicted incompatible cross (uninfected females with in-
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FIGURE 1.—(A) Mean number of viable E. pergandiella
pupae (=SE) produced in single-pair crosses of infected (I)
and uninfected (U) individuals, with males listed first in the
cross designations. Numbers above bars indicate sample sizes.
(B) Mean number of developmentally arrested whiteflies, cor-
responding to whiteflies that were parasitized but wasp eggs
did not hatch. Developmentally arrested whiteflies occurred
at significantly higher frequencies in the predicted incompat-
ible cross. Matings from the predicted incompatible cross (un-
infected females with infected males) resulted in a significantly
higher proportion of inviable offspring (arrested whiteflies)
(Wald x5, _, = 112.85, P < 0.0001).

fected males) resulted in fewer offspring (mean number
of wasp pupae produced: 1.54 * 0.65 SE, n = 11; Figure
1A) and more arrested whiteflies (16.18 * 0.92; Figure
1B), compared to the other three crosses (pupae: 21.11
* 0.63, n = 35; arrested whiteflies: 0.43 £ 0.08). This
difference was highly significant (effect of the incom-
patible cross: Wald x5, _, = 112.85, P < 0.0001).

Cryptic parthenogenesis: None of the virgin females
produced offspring on whitefly hosts (0/26). Although
we cannot rule out the possibility that parthenogenesis
occurs at very low frequencies (e.g., LAWSON et al. 2001),
parthenogenesis is not likely an ecologically important
force in the maintenance of CI Cardinium.

Sex allocation of cured uvs. infected wasps: Cured
females laid slightly, but not significantly, more eggs in
total (20.06 £ 1.64 vs. 16.82 = 2.19) than infected fe-
males (lqr—33 = 1.19, P = 0.24). There was also no
significant difference in the rate of parasitism of white-
flies relative to wasps, with whiteflies composing 59% of
the hosts parasitized by cured females and 53% of the
hosts parasitized by infected females ({35 —33 = 0.44, P=
0.66 for arcsine-transformed data). These data suggest a
relatively even allocation of males and females by both
infected and uninfected females.
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FIGURE 2.—Mean number of viable E. pergandiella pupae
(£SE) produced by infected and uninfected females after
2, 4, 6, and 8 days, with unlimited whitefly hosts. Numbers
above and below means indicate sample sizes. Uninfected fe-
males had significantly greater fecundity, producing 18 and
35% more offspring after 4 and 8 days, respectively.

Effect of CI-Cardinium infection on host female
fecundity: There was no significant effect of block on
fecundity so both blocks were pooled into a single data
set. Uninfected females produced significantly more off-
spring than infected females (£ 34 = 7.39, P= 0.0101,
Figure 2). After 4 days, cured females had produced
18% more offspring than infected females (92.62 * 4.98
vs. 78.52 *+ 4.74) and this difference increased to 35%
after 8 days of reproduction (143.56 = 10.27 vs. 106.46
+9.07).

DISCUSSION

Here we report the first population biology study
of a cytoplasmic incompatibility microbe other than
Wolbachia. We show that CI Cardinium infecting F.
pergandiella displays a syndrome of traits that is strikingly
similar to strains of Wolbachia that cause strong CI,
including perfect or near-perfect vertical transmission,
extremely low or absent horizontal transmission, and
high prevalence. The CI described here is strong, with
incompatible crosses producing only 7% of the number
of female offspring as compatible ones.

Much variation in Wolbachia CI strength has been
documented, ranging from nearly complete to weak in-
compatibility (HorFrMANN and TURELLI 1988; HOFFMANN
et al. 1998). It is not clear, however, how levels of in-
compatibility may differ in the field vs. the laboratory.
The few studies that have measured CI in nearfield
conditions have found that CI expression tends to be
weakerin the field (HOFFMANN et al. 1990, 1998; TURELLI
and HorrMaNN 1995). CI may be weaker in the field due
to factors that decrease bacterial densities and/or CI
expression, including naturally occurring antibiotics
(STEVENS and WIckLOW 1992), temperature variation
(HorFmMaANN and TureLLl 1988), and stress (SINKINS
etal. 1995). Also, older males have been shown to express

weaker CI due to lower Wolbachia titers in some (e.g.,
TureELLIand HOFFMANN 1995; JAMNONGLUK et al. 2000),
but not all (e.g., Rascon and Scott 2003) host species,
although the effect of male age on CI strength has not
yet been tested for Cardinium in Encarsia.

We found very efficient vertical transmission, as vir-
tually all offspring of field-collected infected females
that we tested were infected. The fact that we collected a
few uninfected individuals in the field is best explained
by the occurrence of some incomplete vertical trans-
mission (HOFFMANN and TureLLI 1997). A small num-
ber of studies have measured vertical transmission of
CI Wolbachia in the field and have shown that it is often,
but not always, weaker than in the laboratory (SUBBARAO
et al. 1977; TUrReLLI and HorrMANN 1995; HOFFMANN
et al. 1996), again possibly due to factors affecting density
and/or expression.

We found no evidence for paternal transmission of CI
Cardinium or for horizontal transmission via autopar-
asitism. In this way, too, Cardinium appears to be similar
to Wolbachia. Horizontal transmission of Wolbachia
over ecological timescales is extremely rare. Low rates
of paternal transmission (~1-2%) of CI Wolbachia have
been reported in D. simulansand Leptopilina heterotomain
the laboratory (HOFFMANN et al. 1990; VAVRE ¢t al. 2000),
but in most experimental systems paternal transmission
appears to be rare or absent. Transmission of bacterial
symbionts between parasitic wasps via a shared host has
been reported in a strain of Wolbachia causing parthe-
nogenesis in Trichogramma wasps (HUIGENS et al.
2000). While both Wolbachia and Cardinium appear
to be primarily transmitted vertically over ecological time-
scales, phylogenetic studies clearly demonstrate frequent
horizontal transmission over evolutionary timescales
(WERREN et al. 1995; ZcHORI-FEIN and PERLMAN 2004).
Initial surveys suggest that Cardinium may show greater
host fidelity and therefore presumably lower rates of
horizontal transfer than Wolbachia, as it has been found
in only three arthropod taxa to date: Hymenoptera,
Hemiptera, and Acari (WEEKS et al. 2003; ZCHORI-FEIN
and PERLMAN 2004). Also, although the Cardinium phy-
logeny suggests horizontal transfer within host groups,
the clade of Cardinium that infects Hymenoptera is
distinct from the one infecting Acari (ZCHORI-FEIN and
PERLMAN 2004).

We found a significant effect of Cardinium infection
on female fecundity, with cured females producing 18%
more offspring after just 4 days and 35% more offspring
after 8 days. The 18% value is likely a more realistic esti-
mate of fitness differences, since minute parasitoids are
unlikely to live as long in the field as they do in the
laboratory (MANSFIELD and MiLLs 2002), and theory
suggests that, for organisms such as whitefly parasitoids
with overlapping generations, offspring that are pro-
duced late have relatively little reproductive value
(STEARNS 1992). Uninfected individuals were recently
descended from curing multiple infected individuals,
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suggesting that the fitness cost is unlikely to be due to
differing host genetic backgrounds. Other studies have
reported variable estimates of the fecundity cost of infec-
tion with CI Wolbachia, including lower (HOFFMANN
et al. 1990), higher (DoBsoN et al. 2002; WEEKS et al.
2007), and no differences in fecundity (BORDENSTEIN
and WERREN 2000).

Since CI-Cardinium infections are not horizontally
transmitted, do not induce parthenogenesis, or affect
host sex-allocation effects, we can use a version of the
standard Turelli-Hoffmann models of CI maintenance
and spread (TureLLr 1994; TureLLI and HOFFMANN
1995; HorrmMaNN and TurerLr 1997), modified for
haplodiploid hosts with the “female mortality” type of
CI by VAVRE el al. (2000), as a framework for under-
standing Cl invasion and maintenance. The basic model
for the frequency of infected males (m) and females (f)
attime ¢+ 11is

f+1: Ffl(l_“')
N - (1 - Hym]+ (1—f)[1 — (1 — H)m)]
and
o (-
(g

where Fis the fecundity of infected females relative
to uninfected, His the proportion of eggs that escape CI
in the incompatible cross, and W is the proportion of
uninfected eggs produced by infected females. To gen-
erate a set of predictions for both stable and unstable
(threshold) equilibria for males and females, we used a
set of core parameters determined by our experiments
with E. pergandiella as “best estimates” and then varied
each of the three parameters in turn across a range of
values of interest. Equilibria were calculated using the
appendix formulae in VAVRE et al. (2000). We initially
set IFas 0.82, the estimate of the fecundity cost after
4 days of reproduction, and varied F between 0.65
(fecundity cost after 8 days of reproduction) and one
(if fitness differences are not realized in the field: see
discussion below). We initially set H as 0.07, the pro-
portion of eggs that escaped CI, and varied this param-
eter between 0.07 and 0.55. The latter represents weak
CI and allows the examination of the effect of dramat-
ically reduced CI on equilibria predictions. Finally, we
set i at 0.01, a more conservative estimate than the
nearly perfect maternal transmission indicated by our
experiments and near the lower limit of our 95% con-
fidence interval, and varied p. between 0.01 and 0.18. We
chose a range that would allow the investigation of the
effects of potentially much lower field rates of vertical
transmission on the stable equilibria.

With the core parameters, the model predicted a stable
equilibrium for males and females of 0.99 (Figure 3, b, d,
and f). This is higher than our estimate of the field
infection frequency of females (92%), but close to the

upper bounds of the confidence interval of 81-98% [and
within the confidence interval (77.2-99.2%) of our more
conservative estimate of infection frequency based on
sampling one wasp/leaf]. In general, both data and
model predictions conform to the common pattern of
strong Cl infections found at high frequencies (HoOFFMANN
et al. 1990; RascoN and ScoTT 2003; but see TAGAMI ¢t al.
2006 for an exception). The discrepancy between the
observed infection frequency and model predictions
may be explained by a combination of sampling error
and lower maternal transmission in the field. For ex-
ample, transmission efficiency <86% (u = 0.15) yields a
stable equilibrium of 92% (Figure 3b). It is also possible
that the infection was not at equibilibrium when sam-
pled. This does not seem likely, however, since the model
predicts that only two generations would be required for
the infection frequency to increase from 92% to the
stable equilibrium of 99%. Clearly, if E. pergandiella was
still abundant, more field samples would be valuable for
testing the robustness of the observed infection fre-
quency. In contrast to the potentially strong influence of
|, stable equilibria appear to be relatively insensitive to
changesin Hand F soitis less likely that changes in these
estimates would change the predicted value (Figure 3, d
and f).

One of the most interesting predictions of the model
is a high unstable equilibrium of 0.24 for females and
0.20 for males (Figure 3, a, ¢, and e). This high threshold
is predicted in part because the host is haplodiploid. In
haplodiploids in which CI causes female mortality, male
production by uninfected females is not affected by
incompatible matings (since males develop from unfer-
tilized eggs) (VAVRE et al. 2000). The threshold is pre-
dicted to be even higher in the “male development” type
of CI in haplodiploids. Lower vertical transmission rates
and higher fecundity costs all serve to increase the
unstable equilibrium (Figure 3, a, ¢, and e). Within the
ranges of parameters that we examined, however, only
lower fecundity costs—below the levels that we observed
in the laboratory—could lower the predicted unstable
equilibrium (Figure 3e).

The high predicted threshold in this study system
begs explanation: one would not predict that a CI
infection could invade under these circumstances, yet
CI Cardinium has clearly invaded. Indeed, there are
many examples of CI symbionts at high frequency in
haplodiploid wasps and mites, in spite of the expecta-
tion that these symbionts should have difficulty invading
these hosts (BREEUWER and WERREN 1990; BREEUWER
1997; VAVRE et al. 2002; GOTOH et al. 2007). The ways in
which CI infections overcome predicted invasion
thresholds remain largely unknown, and a number of
possible mechanisms have been invoked, including
genetic drift, population structure, conditional fitness
benefits, low rates of horizontal transmission or parthe-
nogenesis, and avoidance of matings with incompatible
males (HorFMANN and TURELLI 1997; EGas et al. 2002).
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e) and stable equilibria (b, d, and f), of CI-Car-
B * dinium infection rates in E. pergandiella. The
Tr L e equilibria differ slightly for females (solid
c d line), and males (dashed line). Equilibria
08| 08| were calculated using the model of VAVRE
et al. (2000) for a haplodiploid insect with
§ 06 06k the “ferngle mortality” type of CI. The param-
H eters varied were p. (the proportion of eggs
= laid by infected females that are not infected),
E 0.4r 04r H (the proportion of female offspring pro-
duced in the incompatible cross relative to
0.2 0.2} the normal crosses), and 1-F (the proportional
reduction in fecundity of infected females rel-
0 \ . . \ . . 0 , . \ , , ative to uninfected females). The core set of
0 01 02 03 04 05 06 0 01 02 03 04 05 06 parameters was estimated from experiments
and is indicated by asterisks: p (0.01), H
H * (0.07), and 1-F (0.18). The rationale for the
r L 1 iiaininiuinintedintnteieininininiiii range of values varied for each factor is ex-
e f plained in the text.
08| 081
06 06
04+ 04
0.2 02
0 ; : : ; 0 : - : ;
0 0.09 0.18 0.27 0.36 0 0.09 0.18 0.27 0.36
1-F

For E. pergandiella, we can rule out the role of hori-
zontal transmission, parthenogenesis, and sex-allocation
effects in facilitating invasion of CI Cardinium. The role
of population structure of E. pergandiella is difficult to
evaluate, as the current environment may not be the one
in which the infection invaded. Whiteflies and whitefly
parasitoids in general, however, do not show highly
structured populations (HUNTER 1993). We suggest that
a more important factor may be that insect parasitoids
often experience very strong resource limitation in the
field due to the relative scarcity of hosts and that the
realized fecundity cost of infection may be low. In our
study, uninfected females parasitized on average 93
hosts in the first 4 days of life, 14 more than infected
females did, but this cost is unlikely to be relevant if a
female in the field encounters only a small proportion

of that number of hosts. Fecundity costs have been
shown to be more pronounced in the laboratory than in
the field (TureLLIand HOFFMANN 1995). While the life-
time survival and fecundity of E. pergandiella in the field
are not known, E. pergandiella sex ratios in the field
suggest that they are more host limited than egg limited
(HunTER 1993; WEST and Rivero 2000). While host
limitation in the field may be one factor permitting
invasion of CI Cardinium, clearly many other possibil-
ities exist, such as an as-yet-unknown fitness benefit to its
hosts. Finally, conditions may have been different at the
time of initial invasion. As a striking example, a recent
study documented rapid evolution of fecundity effects
of CI Wolbachia in natural populations of D. simulans
(WEEKS ¢t al. 2007). Thus it would be very informative
to assess infection frequencies and mitochondrial se-
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quence diversity in other E. pergandiella populations to
estimate the age of the Cl-Cardinium infection in this
insect.

The laboratory estimates of CI-Cardinium parameters
clearly indicate the overall ecological similarity of CI
Cardinium to CI Wolbachia and are an important first
step toward understanding CI-Cardinium dynamics. How-
ever, population-level testing of model predictions is a
critical future step. A recent elegant study of CI-
Wolbachia invasion in an artificially transfected line of
the mosquito Aedes aegypti illustrates the importance of
reconciling CI theory with population processes (X1
et al. 2005). This study used population cages with
varying frequencies of infected mosquitoes to show that
the threshold for invasion was ~20%, a level that theory
predicts would correspond with a 15% fecundity cost.
Yet comparisons of infected and uninfected mosquitoes
in the laboratory did not show any difference in
fecundity, suggesting that subtle but as-yet-elusive fitness
differences may be important (X1 et al. 2005). Clearly,
the understanding of CI spread in nature, as well as the
application of CI symbionts for management of insect
pests and disease vectors, depends on a detailed grasp of
both individual and population processes.
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