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“Candidatus Cardinium hertigii” (Bacteroidetes) is a maternally inherited endosymbiont known from several arthropods. Its
mechanisms for persistence in host populations are mostly reproductive manipulation, though it has been occasionally reported
to improve fitness parameters in several hosts. In Culicoides (Diptera: Ceratopogonidae) biting midges, the prevalence of “Can-
didatus Cardinium” infection was documented as moderate, with no detectable sex bias. We therefore investigated whether
“Candidatus Cardinium” affects important fitness parameters, such as survival and body size, in Culicoides imicola, a dominant
vector species. Field-collected midges were trapped and analyzed for survival under different environmental conditions and an-
tibiotic treatment, taking into account “Candidatus Cardinium” infection status and parity status (i.e., parous or nulliparous).
Additionally, wing lengths were measured as a proxy parameter for body size and analyzed together with “Candidatus Car-
dinium” infection data. The findings revealed no difference in survival of Culicoides infected with “Candidatus Cardinium” and
that of uninfected midges in both parity states and under all tested conditions: optimal, starvation, heat, and antibiotic treat-
ment. Beyond survival, no wing length difference was found for “Candidatus Cardinium”-infected versus uninfected midges. In
aggregate, these findings support our conclusion that “Candidatus Cardinium” does not have an overt effect on the survival and

size of adult C. imicola midges. “Candidatus Cardinium” may affect immature stages or may alter adult reproductive

performance.

he spread and persistence of facultative symbionts in host pop-

ulations are assumed to be facilitated through reproductive
manipulation and/or by improving host fitness (1). “Candidatus
Cardinium hertigii” (Bacteroidetes) is a maternally inherited re-
productive manipulator symbiont known from several arthro-
pods, and it may cause feminization, parthenogenesis, and cyto-
plasmic incompatibility (CI) (2-5). In biting midges in Japan,
“Candidatus Cardinium” presented infection rates ranging from
20 to 100% (6), yet its role in its Culicoides (Diptera: Cera-
topogonidae) host, if any, remains obscure.

Recently, we documented average “Candidatus Cardinium”
prevalences of 50.7% and 31.4% in adult Culicoides imicola and
Culicoides oxystoma, respectively, with no difference between
sexes within each species (7). Such intermediate prevalence, with
no sex bias, has been speculated to be associated with either a weak
CI effect or some facultative benefit of infection under particular
environmental conditions (8). Indeed, environmental conditions
can strongly affect interactions between an arthropod host and its
microbial tenants (9). Interestingly, our previous data revealed
that “Candidatus Cardinium” prevalence in Culicoides vector spe-
cies in Israel is associated with land surface temperature (LST) (7),
suggesting that the symbiont may interact with the host in early
developmental stages.

Although best known as a reproductive manipulator, “Candi-
datus Cardinium” also has been reported to have beneficial influ-
ences in some hosts. Elevated fecundity was previously shown in
the mite Metaseiulus occidentalis when infected with “Candidatus
Cardinium” (10), and removal of “Candidatus Cardinium”
showed negative effects on the survival of immature stages, as well
as reduced fecundity, in Liposcelis bostrychophila (Psocoptera)
(11). In addition, “Candidatus Cardinium” increased survival and
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male production when singly infecting the parasitoid wasp Encar-
sia inaron. However, the fitness effect responsible for persistence
of “Candidatus Cardinium” in the Encarsia population remained
unclear (1).

Culicoides spp. are minute hematophagous flies (order Dip-
tera) of the family Ceratopogonidae and are important vectors of
several major veterinary disease agents, notably arboviruses. In the
family Reoviridae, key Culicoides-transmitted pathogens include
bluetongue virus, epizootic hemorrhagic disease virus, and Afri-
can horse sickness virus, and Culicoides spp. recently were discov-
ered as vectors of Schmallenberg virus (family Bunyaviridae) (12—
14). The diseases caused by these viruses have major impacts on
animal welfare, international trade, and the economics of agricul-
tural production (15, 16), so reducing the vectorial capacity of
Culicoides is quite an important goal.

As a first step toward investigating the role of “Candidatus
Cardinium” in Culicoides vector species, we focused here on two
significant fitness parameters: adult survival and body size. Sur-
vival is known to be influenced by symbionts in multiple hosts (1,
17-19) and is a principal parameter in vectorial capacity (20, 21).
Adult body size is known to be linked with fitness characteristics,
such as fecundity, survival, reproductive success, and blood feed-
ing, in mosquitoes (22, 23) and is an important fitness indicator in
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fruit flies (24). We chose to compare wing lengths as a proxy
parameter for Culicoides body size, and it reflects fecundity in at
least some species, such as Culicoides sonorensis and Culicoides
melleus (25, 26). Traditionally, body size is also well correlated
with wing length in mosquitoes (23).

Presently, very few Culicoides species have been cultured in the
laboratory (27), so the alternative is to study Culicoides midges
taken from the field. Therefore, in this study, we initially focused
on comparisons of life span and wing length in individuals from
field populations of C. imicola in which the “Candidatus Car-
dinium” infection status could be retrospectively determined.

MATERIALS AND METHODS

Trapping of adult midges. Midges were trapped during peak activity sea-
sons (2011 and 2012) using suction UV light traps (John W. Hock Com-
pany, Gainesville, FL, USA). The traps were placed 1.5 to 2 m above the
ground on a horse farm (site, Beit-Elazari [31°50'45"N, 34°48'34"E; alti-
tude, 54 m above sea level]). Insects were collected overnight in a plastic
container. The live insects were then anesthetized using CO,. Culicoides
midges were separated from other trapped insects and gently placed into
screened cardboard cups. Additionally, one swarm of C. imicola males was
collected by sweep net on a dairy cow farm (site, Netzer Sereni
[31°55"20"N, 34°49'21"E; altitude, 74 m above sea level]). The males were
preserved in absolute ethanol at 4°C until they were analyzed.

Morphological and molecular identification of midges. Initial iden-
tification of the dominant species, C. imicola and members of the Culi-
coides schultzei species group (difficult to separate morphologically), was
initially based on the wing spot pattern and other diagnostic morpholog-
ical traits (www.culicoides.net). In parallel, molecular identification of
individual midges was carried out by internal transcribed spacer 1 (ITS-1)
ribosomal DNA (rDNA) PCR, as previously described (29). The midges
were further morphologically categorized according to their parity (ovi-
position) status, which in this genus varies with abdominal pigmentation
(30). Parous females have a darker, burgundy-red pigment and have com-
pleted at least one gonotrophic cycle (blood fed and laid eggs), while
nulliparous females have a lighter abdominal color and have not yet blood
fed or laid eggs. The parity status thus provides a relative estimate of the
female’s age and reproductive success.

Examination of midge survival and “Candidatus Cardinium” infec-
tion status. A total of 438 C. imicola females were analyzed for life span in
parallel with “Candidatus Cardinium” infection status, 418 of which were
categorized by parity status (i.e., parous or nulliparous). Earlier studies
had shown that “Candidatus Cardinium” infection varied geographically,
with lower infection prevalence in hotter and drier desert regions of Israel
(7). To investigate possible interactions of “Candidatus Cardinium” in-
fection and heat or humidity stress, therefore, midges were kept in card-
board cups held as follows: (i) optimal conditions (25°C with 50% humid-
ity; fed 10% glucose) (n = 129), (ii) starvation (25°C with 50% humidity)
(n = 209), and (iii) heat stress (35°C with either 25% [n = 31], 55% [n =
491, or 75% [n = 20] humidity; fed 10% glucose). The midges were in-
spected daily, and mortality was noted. Dead midges were removed and
kept in absolute ethanol at 4°C until their identity and infection status
were assessed individually as described above. Individual midges were
subjected to DNA extraction and specific “Candidatus Cardinium” PCR
detection as described by Morag et al. (7). Under optimal conditions and
under starvation, experiments were repeated three times. Heat stress ex-
periments were analyzed individually according to the specific humidity
conditions.

Antibiotic treatment. In order to evaluate the effect of antibiotic
treatment on field populations, we conducted a preliminary experiment
in which 75 midges were fed with 10% glucose containing 50 pg/ml ri-
fampin for 48 h, as previously described (31). Mortality was checked daily,
and once dead, midges were analyzed for “Candidatus Cardinium” infec-
tion using PCR. Subsequently, in order to compare life spans between
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antibiotic-treated and untreated midges, an additional experiment was
conducted as follows. Midges from a field-trapped population were sep-
arated randomly into two groups under brief CO, anesthesia. One of the
groups was treated with antibiotic as before, and the other group was an
untreated control group. The midges were kept under optimal conditions
(25°C; 50% relative humidity [RH]) with access to glucose. A total of 385
midges in two replicates were analyzed for life span, comparing the two
groups tested: treated with antibiotic (n = 248) versus untreated (n =
137).

Measurement of Culicoides wing length. Measurement of wing
length was performed on a total of 100 C. imicola midges (70 females and
30 males), all trapped during the fall season (September-October 2011).
Wings of individual midges (right and left) were removed at the base and
then photographed under a binocular microscope using an AxioCam
(Zeiss, Germany) camera. Measurements were then performed from the
basal arculus to the tip of the wing using the Axiovision program. The
average length of both wings was calculated and compared with infection
status.

Statistical analysis. In order to contrast “Candidatus Cardinium”-
infected with uninfected populations and to examine differences under
specific conditions, their survival distributions were compared using Ka-
plan-Meier plots, and statistical significance was examined by the log rank
Mantel-Cox test. To eliminate acclimation stress as a factor, midges that
died on the first day of the experiment were excluded from the survival
analysis. In the case of repetitive experiments (i.e., blocks of the same
experiment conducted under specific conditions but at different times),
experiments were initially analyzed individually and then pooled for
comprehensive statistical analyses under each specific condition. The Cox
regression model was used to simultaneously test the effects of two exper-
imental factors—the main effect (either “Candidatus Cardinium” infec-
tion or antibiotic treatment) and the “block” effect—as well as the inter-
action between the two factors.

In addition, in order to examine separately the association of survival
with “Candidatus Cardinium” infection and parity status (parous or nul-
liparous females), further survival analysis was performed after stratifying
the data for parity.

For comparisons of average wing lengths between populations, a ¢ test
for equality of means was used following Levene’s test to ensure variances
were comparable. Frequency analysis of “Candidatus Cardinium” preva-
lence in different parity categories was performed using the Pearson chi-
square test. All analyses were performed using SPSS 19.0 (SPSS, Inc., Chi-
cago, IL, USA), with a P value of <0.05 indicating statistically significant
differences.

RESULTS AND DISCUSSION

Survivorship and parity status. This study design, which used
field-collected insects, reflected initial variation in the ages of the
insects, and this uncontrolled source of variation could influence
the results. Nevertheless, we found no evidence of a “Candidatus
Cardinium” effect on adult survival of field populations of C. imi-
cola subsequently held in the laboratory compared to midges
without “Candidatus Cardinium” infection. This applied to
midges under all tested conditions: optimal (n = 65; P = 0.465),
starvation (n = 81; P = 0.213), and heat stress according to spe-
cific humidity conditions (25%, n = 20, P = 0.446; 55%, n = 49,
P =0.834;75%, n = 31, P = 0.557). Cox regression model testing
of the block effect showed that overall survival in one of the three
blocks differed from that in the other two (P < 0.001), which
could result from different predetermined field conditions on that
collection day. However, in this model, even considering the block
effect, the effect of “Candidatus Cardinium” on survival and the
interaction between the block effect and the “Candidatus Car-
dinium” effect remained not significant under both conditions
tested, optimal and starvation (“Candidatus Cardinium,” P =
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FIG 1 Kaplan-Meier survival curves of field-collected C. imicola comparing
midges treated with antibiotic to untreated midges. The midges were held
under optimal conditions (25°C; 50% humidity) and fed with 10% sugar wa-
ter. A total of 311 midges were analyzed (log rank Mantel-Cox test; P = 0.338).
Cum, cumulative.

0.842 and P = 0.621; interaction, P = 0.269 and P = 0.661),
supporting previous analyses.

The prevalence of “Candidatus Cardinium” did not differ be-
tween parous midges (50.98%; n = 255) and nulliparous midges
(49.69%; n = 163) (Pearson chi-square test; P = 0.797). This
indicates that the results are not biased by females’ age and sug-
gests “Candidatus Cardinium” did not affect the relative abilities
of females to survive to become parous. After stratifying the data
for parity, there consistently was no difference in survival of
midges with different “Candidatus Cardinium” status and under
all tested conditions: optimal (parous, n = 33, P = 0.245; nullip-
arous, n = 32, P = 0.745), starvation (parous, n = 32, P = 0.255;
nulliparous, n = 18, P = 0.387), and heat (parous, n = 19, P =
0.776; nulliparous, n = 31, P = 0.69).

In a previous study, we examined the association of various
environmental factors that are relevant either to the immature or
to the adult stage and found that LST is strongly associated with
“Candidatus Cardinium” prevalence (7). Since LST may be espe-
cially relevant to immature stages, we suggested that the symbiont
infection may have an influence during early developmental stages
of the host. Difficulties in obtaining, identifying, and maintaining
eggs and larvae of field-collected Culicoides species limited our
initial experiments to adults. However, exploring the relevance of
“Candidatus Cardinium” infection status to immature Culicoides
fitness is a logical and necessary step in full evaluation of the sym-
biont’s possible role in the host biology.

Antibiotic treatment. While our results are limited to the ef-
fect of “Candidatus Cardinium” on its Culicoides host, it is possi-
ble that coinfection with other symbionts within the midge that
were previously detected using denaturing gradient gel electro-
phoresis (DGGE) (7) and clone libraries (unpublished data) also
may influence the observed results, as was shown for coinfection
by “Candidatus Cardinium” and Wolbachia (1).

Thus, we conducted a set of experiments on Culicoides popu-
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FIG 2 Box plots presenting wing lengths of field-collected C. imicola males
(n = 30) and females (n = 70) with different “Candidatus Cardinium” infec-
tion status. The bottom and top of the boxes are first and third quartiles,
respectively. The whiskers represent minimum and maximum length. The
median line is shown in each box plot. Different letters above the box plots
indicate significant differences (¢ test for equality of means; Levene’s test for
equal variances).

lations treated with antibiotics, considering that antibiotic treat-
ment would probably affect other bacteria, as well. A preliminary
study, in which midges were fed with antibiotic, as previously
performed for other hosts (31), resulted in curing of the symbiont.
This was determined because “Candidatus Cardinium” DNA
could be detected by PCR only until day 7 after antibiotic treat-
ment (data not shown). Thereafter, survival of midges treated
with antibiotics did not differ from that of untreated midges (n =
311; log rank Mantel-Cox test, P = 0.338) (Fig. 1). Further sup-
porting that conclusion is the Cox regression model, which re-
vealed no effect of antibiotics on survival (P = 0.714) and no block
effect (P = 0.785).

In aggregate, these findings support our conclusion that “Can-
didatus Cardinium” does not have an overt effect on the survival
of adult C. imicola midges.

Culicoides body size. Beyond survival, in Culicoides spp., wing
length is a commonly used metric reflecting both body mass and
fecundity (25, 26). Many Culicoides species are characterized by
typical male swarms (32), and such swarms likely comprise a com-
petitive arena for mating of many important vector species (Dip-
tera) (26). The average wing lengths of field populations did not
differ between midges infected with “Candidatus Cardinium” (0.
985 mm; standard deviation [SD] = 0.093 mm) and uninfected
midges (1.011 mm; SD = 0.09) in females (P = 0.292; n = 70) or
in males (infected, 0.964 mm, SD = 0.078; not infected, 0.949
mm, SD = 0.045) (P = 0.514; n = 30) (Fig. 2). This finding
suggests that “Candidatus Cardinium” probably does not affect
midge size or perhaps also has no impact on the male sexual flying
behavior of Culicoides midges tested, although those aspects need
further testing. Regardless of “Candidatus Cardinium” infection,
we confirmed a difference (P = 0.008; ¢ test) between wing lengths
of females (average, 0.993 mm; SD = 0.092) and males (average,
0.953 mm; SD = 0.055), although the males were not from the

Applied and Environmental Microbiology


http://aem.asm.org

same population and their size thus should be compared only with
caution to that of the females.

Conclusions. The comprehensive role of “Candidatus Car-
dinium” in Culicoides species fitness requires more study. In view
of our previous data (7), we suggest that “Candidatus Cardinium”
effects may be more relevant to immature stages and therefore not
evident in adult stages. Alternately, considering the intermediate
prevalence of “Candidatus Cardinium,” the symbiont may have
weak reproductive manipulation impacts (e.g., limited CI induce-
ment), effects on other fitness parameters, or size/survival effects
too subtle to be seen in the present experiments using field-col-
lected material. Using field material, as was done here, does have
advantages in terms of realism; these specimens were naturally
infected (or not) and had experienced many of the rigors of field
existence before collection and testing. Further research using lab-
oratory-reared populations might allow better resolution, includ-
ing mating experiments, generating different populations of
midges, and experimenting with curing and infection of the sym-
biont.
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