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Host manipulation by parasites is a fascinating evolutionary out-
come, but adaptive scenarios that often accompany even iconic
examples in this popular field of study are speculative. Kin selection
has been invoked as a means of explaining the evolution of an
altruistic-based, host-manipulating behavior caused by larvae of the
lancet fluke Dicrocoelium dendriticum in ants. Specifically, cotrans-
mission of larval clonemates from a snail first host to an ant second
host is presumed to lead to a puppeteer parasite in the ant’s brain
that has clonemates in the ant abdomen. Clonal relatedness be-
tween the actor (brain fluke) and recipients (abdomen flukes) en-
ables kin selection of the parasite’s host-manipulating trait, which
facilitates transmission of the recipients to the final host. However,
the hypothesis that asexual reproduction in the snail leads to a high
abundance of clonemates in the same ant is untested. Clonal rela-
tionships between the manipulator in the brain and the nonmani-
pulators in the abdomen are also untested. We provide empirical
data on the lancet fluke’s clonal diversity within its ant host. In stark
contrast to other trematodes, which do not exhibit the same host-
manipulating behavioral trait, the lancet fluke has a high abundance
of clonemates. Moreover, our data support existing theory that
indicates that the altruistic behavior can evolve even in the presence
of multiple clones within the same ant host. Importantly, our anal-
yses conclusively show clonemate cotransmission into ants, and, as
such, we find support for kin selection to drive the evolution and
maintenance of this iconic host manipulation.

Trematoda | host manipulation | host behavior | brain fluke |
genetic relatedness

“Is it true that Dicrocoelium dendriticum actually consists of a mix of
altruists and nonaltruists?. . .Wickler (1) called attention to the brain
worm as an example of altruism, Wilson (2) predicted the likelihood
of a polymorphism, and no relevant studies have appeared since
then. No one has estimated the basic parameters of the model, such
as the numbers of eggs ingested by snails and the number of mucus
masses ingested by ants. The brain worm remains a fascinating
prima facie example of altruism from the field of natural history,
but the conceptually relevant details have only been guessed.”

—Sober and Wilson (3)

Research on host manipulation by parasites has gained pop-
ularity (4-6), as evidenced, in part, by the steady increase of
empirical studies on trophically transmitted helminths since the
early 1970s (7). Moreover, theoretical/conceptual studies involving
host manipulation have spiked since the mid-2000s (7). Despite
these encouraging trends for evolutionary ecology research on
parasites, Poulin and Maure (7) provided a reality check by
showing that there has been a proportionate decrease (relative to
the identification of new host—parasite systems) in experimental
studies that demonstrate adaptive benefits to host manipulation
(e.g., ref. 8) or that elucidate proximate mechanisms for host
modifications (see also ref. 9). More broadly, they suggested that
an increased publication rate of synthesis/theoretical studies rel-
ative to empirical studies may create an imbalance between facts
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and ideas. Indeed, a persisting imbalance between an adaptive
idea and a perceived ecological fact already exists in one of the
most iconic examples of a host-manipulating parasite, larvae of the
lancet fluke Dicrocoelium dendriticum in ants.

The lancet fluke has an obligate, three-host life cycle (10, 11).
Adult flukes reside within the bile ducts of ungulate and lago-
morph definitive hosts wherein they have obligate sexual re-
production. Eggs pass into the external environment via host feces.
Terrestrial snails consume eggs encountered on pasture. Repeated
bouts of obligate asexual reproduction occur within the snail,
leading to the release of packets of larvae (= cercariae) within
discrete, fluid-filled packages known as “slime balls” (reviewed by
ref. 12). The fate of individual slime balls is not known, but slime
balls are either ingested by the worker ant that encounters them or
are transported to the nest for potential ingestion by nestmates.
Following ingestion, cercariae penetrate the lining of the ant crop.
One cercaria, rarely two to three (13), makes its way to the
anterioventral-most region of the subesophageal ganglion of the
brain where it resides, unencysted. The remaining cercariae mi-
grate to the gaster of the ant where they encyst as metacercariae
within a double-layered cyst wall (13).

Two remarkable aspects of the life cycle have elevated D.
dendriticum to “textbook” status. First, the single unencysted
metacercaria located in the ant’s subesophageal ganglion (i.e.,
the brain fluke) alters the ant’s behavior in a precise temperature-
dependent manner (14) such that the ant attaches with its man-
dibles onto vegetation, particularly inflorescences, growing adja-
cent to their nests (15, 16). Second, the unencysted brain fluke is
considered to have reduced fitness relative to the encysted flukes
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in the abdomen (13, 16, 17); thus, the brain fluke apparently
displays an altruistic behavior. Given that an ant may consume a
slime ball with potentially many clonemates (i.e., individuals of the
same clone [= progenitor egg]), it is presumed that the brain fluke
has encysted clonemates in the abdomen of the same ant. This
clonemate cotransmission into ants enables kin selection of the
host-manipulating behavior. Specifically, the ultimate cost expe-
rienced by the altruistic brain fluke is thought to be mitigated
because it facilitates the transmission of its encysted clonemates
(i.e., the highest form of genetic relatedness) to the final host (1, 2,
18). The adaptive story that emerges from the above ecology and
life history is one where selection for increased transmission to a
final host (grazing mammals) has led to the evolution of a host-
manipulating mechanism, which itself is the result of an evolved
behavior that reduces the fitness of the parasite. This altruistic
behavior is possible via kin selection because the life cycle is
conducive to cotransmission of clonemates into ants.

Although a fantastical narrative, there exist no data on clone-
mate cotransmission within ant hosts to support the idea that kin
selection may be at play. Indeed, supportive evidence for the
“clonemate cotransmission hypothesis” into ants is absent, despite
coverage in theoretical and conceptual works discussing the evo-
lution of host manipulation in D. dendriticum (e.g., refs. 1, 18, and
19). Furthermore, theoretical work by Wilson (2) has shown that
the altruistic behavior could evolve even in the presence of mul-
tiple clones within an ant host and that a balanced polymorphism
could exist between altruistic and nonaltruistic behavioral variants
in the parasite’s population (3). Regardless of the number of
clones, studies examining the perception that trematodes should
have an abundance of clonemates in hosts subsequent to the
mollusc first host did not become common until the 2000s (20). A
current summary of the available data suggests that clonemates in
second or third hosts are not common in many trematode systems
(20, 21). Hence, it is necessary to revisit the iconic host-manipulating
lancet fluke to test the clonemate cotransmission hypothesis with
empirical data from ants.

The “the basic parameters” requested by Sober and Wilson (3)
call for data on how many eggs are ingested by snails and how
many slime balls are eaten by ants. These two factors combine to
shape the cotransmission of clonemates to an ant and how many clones
cooccur in an ant. Because kin selection on the host-manipulation trait
would be manifested in the transmission from ant to final host, the
parameters of primary importance are the clone and clonemate
distributions within and among ant hosts. Specifically, for kin se-
lection to promote host manipulation, parasite clonemates must
be unevenly distributed in the population such that parasite re-
latedness within hosts is higher than between hosts. This uneven
distribution of clonemates is defined as cotransmission. We
therefore asked three questions that are necessary to assess a
possible role for kin selection in the evolution of host manipula-
tion by the lancet fluke. 1) Is there evidence of cotransmission of
clonemates into ants? Kin selection could also be made possible
via sibling relationships so we took advantage of newly developed
methods based on pedigree reconstruction data to also ask if there
was evidence of sibling cotransmission into ants (22). 2) Does a
brain fluke have clonemates or siblings encysted in the same host?
3) If there is clonemate cotransmission, can multiple clones coexist
in an ant host?

Materials and Methods

Study Site and Ant Collections. Our study included samples of infected ants,
Formica aserva, from two sites in Cypress Hills Park in southeastern Alberta,
Canada. The lancet fluke was introduced into the park from Europe prior to
the 1980s and then emerged in the mid 1990s (23). The two collection sites
were selected from ~32 known locations in the park where ants have been
observed attached to vegetation (24). We selected one of the sites (Staff
Camp [SC]) because we had observed attached ants adjacent to a well-defined
nest each year since 2009 (25) and because we had background information on
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patterns of D. dendriticum infection in populations of ant (26) and snail (27)
intermediate hosts. Our ongoing studies that involve monitoring the behavior of
marked ants as they leave and enter their nest also occur at this site (16). We
have also observed attached ants on plants at the second site (Trans-Canada Trail
[TC]) each year since 2009 (25). This site is 12 km southeast of the SC site. The
morphological characteristics of brain flukes and the nature of the brain fluke-
brain interface have been well-characterized for ants sampled from this site (13).
At each site, a 3-m? area surrounding the nest was demarcated with flagging
tape, and then the first nine ants observed attached to a plant were manually
detached and then fixed whole in 90% ethanol. Samples of individual ants were
collected on 8 June 2013 between 6:00 and 9:00 AM from the two sites.

DNA Extraction, PCR, and Genotyping. For consistency, we refer to encysted
metacercariae from the abdomen as “body flukes” and the single nonencysted
metacercaria in the subesophageal ganglion as the “brain fluke.” Individual
body flukes were isolated from ants by opening the abdomen into a Petri dish
containing distilled water. The numbers of body flukes (= intensity) (28) were
assessed in each ant following methods in van Paridon et al. (26). Individual
body flukes were selected for DNA extraction and placed in 200-uL PCR tubes
containing 50 pL of lysis buffer (29) and Proteinase K (10 mg/mL; New England
BioLabs). To extract DNA from the brain fluke, the head of each ant was re-
moved from each body and placed in a 1.5-mL Eppendorf tube containing
50 pL of lysis buffer and Proteinase K. Heads were crushed using a sterile
plastic pestle within the tube to increase exposure of the metacercaria to the
lysis solution. All metacercariae were scored at five microsatellite loci (DdMs21,
DdMs28, DdMs60, DdMs70, and DdMs95) as per the PCR and genotyping
methods in van Paridon et al. (29). When present, up to 22 larvae per ant were
used in DNA extractions (except one ant where we did 28). In total, we
attempted DNA extractions on 376 larvae.

Clonemate Identification. We first note that about 27% of the larvae failed to
produce a quality DNA template as evidenced by failed PCRs across multiple
attempts and loci. We suspect that preservation of whole ants in ethanol may
have decreased extraction efficiency of the tiny larval flukes. We only retained
metacercariae that were successfully genotyped at all five loci to allow for ap-
propriate clonality tests and to avoid low quality samples. The final dataset in-
cluded a total of 272 metacercariae across 18 hosts. F-statistic results (see below)
did not show any evidence of null alleles, and, thereby, the obtained multilocus
genotypes enabled unbiased estimates of clonal metrics. GENCLONE 2.0
was used to identify individuals with identical multilocus genotypes (MLGs)
and to test whether identical MLGs arose from asexual reproduction: i.e., test
if identical MLGs were clonemates (30). The clonemate testing was done by
calculating Psex, Which is the probability of observing n copies of an MLG in a
sample size of N given sexual reproduction. If Py, < 0.05 at n = 2, then all
copies of that MLG can be considered to be the product of asexual re-
production (31). Prior work on a sample of adult flukes indicated that the D.
dendriticum at our sampling locations represented a panmictic population
(29). Thus, we looked for identical MLGs and calculated Py, across the entire
sample of n = 272 metacercariae from n = 18 ant hosts. We also did P, cal-
culations for each sampling site separately and obtained the same clone/clonemate
identification results.

We note the Py, can only evaluate if identical MLGs are part of the same
clone. As indicated by Arnaud-Haond et al. (32), however, mutation, PCR er-
rors, or scoring errors may lead to small allelic differences within a single clone.
Following the recommendations of Arnaud-Haond et al. (32), we plotted the
number of allelic differences between pairs of unique MLGs and found a bi-
modal distribution where six pairs of unique MLGs differed at a single allele.
We assessed the significance of each of these pairs separately by removing the
one locus at which the pair differed and then recalculated Ps.,. In each of these
cases, the six pairs were found to be significant (Psex < 0.01 at n = 2): i.e., there
were six unique clones and not 12. Again, Py calculations by sampling site led
to the same results. Therefore, we modified the dataset such that the geno-
type that will be used to represent the unique clone of these pairs will be the
more frequent genotype. This carries the assumption that the less frequent
genotype was due to mutation, PCR error (such as allele dropout), or scoring
error. We refer to this dataset as n = 272mod. After identifying all clones and
determining the significance of all clonemates, the index of clonal diversity
was calculated as the number of clones per number genotyped (32).

Clonal Structure Analyses. To broadly test for evidence of cotransmission of
clonemates, we analyzed average within-host F;s and Fs; among hosts (mul-
tilocus estimators) in two datasets: the total dataset (n = 272mod) and a
dataset where the number of unique clones was reduced to one representa-
tive within each host (n = 59). F;s and Fsr measure the proportional change in
heterozygosity (expected under Hardy-Weinberg equilibrium) that is due to
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nonrandom union of gametes in a subpopulation or subdivision of a pop-
ulation into subpopulations, respectively. According to the theoretical work of
Prugnolle et al. (33), the expectation is that a high variance in clonal re-
productive success will drive within-host F;s negative and increase among-host
Fsr. Significance was tested in FSTAT (34) using 10,000 randomizations of al-
leles among individual flukes within hosts and of genotypes among hosts,
respectively. For two-tailed tests of F;s across the entire component population
(i.e., ignoring among-host delineations) (28), we used SPAGeDI with 10,000
randomizations of alleles among individuals (35). The presence of clonemates
should also increase linkage disequilibrium. Across the entire component
population, we tested genotypic equilibrium (GD) between pairs of loci in
GENEPOP 4.2 (Markov chain parameters: 5,000 dememorizations; 5,000 batches;
5,000 iterations) (36) on the total dataset (n = 272mod) and in a reduced
dataset of one representative of each clone (n = 54). Note the reduced dataset
of the component population (n = 54) is smaller than the among-host reduced
dataset (n = 59) because a few clones occurred in more than one host (Results).

Pedigree Reconstruction. Pedigree reconstruction analyses were conducted to
determine if sibling cotransmission, as well as clonemate cotransmission, could
also be a factor in driving kin selection. In order to carry out the pedigree
reconstruction analyses, only individuals that are the product of sexual re-
production need to be included. Thus, at this point, clonal inference is assumed
fixed without error, and the dataset was reduced to one individual per clone
(n = 54) for the sibship reconstruction analysis. We used the full-likelihood
method of sibship reconstruction implemented in the software COLONY
v2.0.6.4 (37). Details of the method are given in Wang and Santure (38) and
Wang et al. (39). The following settings were specified in COLONY: female and
male polygamy with inbreeding for a monoecious species, length of run was
very long under the full-likelihood method with very high precision, three
runs, allele frequencies estimated from the dataset and were updated as the
analysis was run, and sibship scaling was set to yes. We did not use the sibship
prior option as individual adult flukes have very high fecundity (24). Allelic
dropout rate was set to 0.005, and mutation/error rate was set to 0.005. We
also did two additional analyses: 1) error rates set to 0, and 2) error rates set to
0 and a strong sibship prior with maternal and paternal family sizes set to 3.6.
The latter was done to determine if sib inference was sensitive to this prior.
Quialitatively, these additional analyses were nearly identical to the results
from the initial analysis so we only report on the main analysis.

Of specific interest were the sibling relationships of brain flukes to
body flukes within the same ant. Sibling relationships between pairs of
clones (= dyads) were based on the best configuration of the sibship analysis,
and the probability of the sibling relationship was based on that given in the
FullSibDyad or HalfSibDyad output files in COLONY.

Assessing Clonemate and Sibling Cotransmission. As described in Detwiler and
Criscione (22), the percentage of sibling dyads (full- and half-sib dyads
summed) within hosts (Ps) compared to the percentage of sibling dyads over
the entire component population (Pgs) (i.e., the expectation by random
chance alone) provides a direct test of sibling cotransmission. Note, in
Detwiler and Criscione (22), these statistics were referred to as kin dyads (P
and Pg, respectively), but, here, we use sibling dyads to avoid confusion in
the fact that clonemates also represent a kin relationship. We adopt their
approach to analyze clonemate cotransmission. In particular, the percentage
of clonemate dyads within hosts (Pc) compared to the percentage of
clonemate dyads over the entire component population (Pgc) can be used to
test clonemate cotransmission. The following was done to estimate the
above percentages. After the sibship analysis was conducted on the clones
(n = 54), clonemates were included back into the dataset (n = 272mod) and
assigned the same parent identifications as that of their clonemate used in
the sibship analysis. Parent identifications are based on the best configura-
tion of the sibship analysis (22). Based on the clonemate and parent iden-
tifications, clonemate, full-sib, half-sib, and unrelated relationships could be
assigned to all dyads across the component population and within ant hosts.

The percentages of clonemate dyads and sibling dyads (full and half sibs
summed) within hosts (Pc and Ps, respectively) are calculated as weighted
averages over hosts where the weights are based on the sample sizes of
genotyped metacercariae of each host (i.e., the percentage of genotyped
metacercariae in a host relative to the total genotyped). Specific details on
significance testing are given in Detwiler and Criscione (22). In short, resam-
pling procedures are used to assess error and generate confidence intervals
(Cls). Clonemate inference is assumed without error so only sampling error,
evaluated by bootstrapping over hosts, is estimated for Pc and Pgc. For Ps and
Pes, pedigree estimation error is based on a resampling procedure using the
plausible sibship configurations provided in the plausible configuration archive
by COLONY whereas sampling error is assessed by bootstrapping over host
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individuals (22). Cls of Pc and Ps are compared to Cls of Pgc and Pegs, respec-
tively. Nonoverlapping 84% Cls are considered to approximate a significant
difference at a P = 0.05 (40). Odds ratios were calculated to assess the mag-
nitude of difference between P (Ps) and Pgc (Pgs). The odds ratio of clonemate
dyads within hosts compared to the component population was ORc =
[(PA/(1 = PAVI(Ped/(1 — Peo)], and the odds ratio for sibling dyads was ORs =
[(Ps)/(1 — Ps)V/[(Pes)(1 — Pes)]. Odds ratios were calculated within each bootstrap
replicate, and the resulting simulated distributions were used to determine if
the observed OR¢ or ORs differed from 1 (the value expected if Pc and Ps did
not differ from Pgc and Pgs, respectively).

Mean Number of Clones per Host. We calculated the mean number of clones
per ant host in two ways. First, we used a weighted mean based on the raw
number of clones per host where the weighting was based on the sample size
of genotyped flukes of each host. The second was to calculate the Shannon-
Weiner diversity index (H') per host and then convert the value to N; = e/ where
N; represents the number of equally common clones that would produce the
same clonal diversity H' in a host (41). A weighted mean of N; was calculated
among hosts where, as above, the weight was the genotyped sample size. The
reason for using N; is that Wilson (2) used several simplifying parameters in his
model, one of which was that clones were equally frequent within a host. The
variable N; would be analogous to this latter assumption. To test if the mean
number of clones per host or mean N; per host was greater than 1, we
bootstrapped over hosts (10,000 times) to determine the proportion of
simulated values (i.e., the means) >1. Randomization tests were conducted
with POPTOOLS V3.2.5 (42).

Clonal Metrics by Location. The clonal metrics described above (index of clonal
diversity, mean number of clones per host, N; per host, Pec, Pc, and ORc) were
analyzed across the entire dataset (n = 272mod). However, clonal trans-
mission could be influenced by local scale factors (Discussion). Thus, we an-
alyzed clonal metrics for samples from each location separately to determine
if there were any differences in clonal patterns between SC and TC.

Data Availability. All data discussed in the paper are available in S/ Appendix,
Tables S1 and S2.

Results

Sampling and Genotyping. The total number of flukes collected
from the 18 ants was 874 with a range of 17-176 per ant (Fig. 1).
Including 11 brain flukes, a total of 272 metacercariae were suc-
cessfully genotyped at all 5 loci (Fig. 1). The full genotype dataset
(n = 272) of all metacercariae is available in ST Appendix, Table S1.

Clonemate Identification. A total of 60 unique MLGs was identi-
fied among the 272 metacercariae that were successfully geno-
typed. In all cases where there was more than one copy of an MLG,
the P, < 0.01 at n = 2. Thus, all repeated copies of an MLG are
clonemates. In addition, the six pairs of MLGs that differed by a
single allele also had Py, < 0.01 at n = 2 after removing the dis-
crepant locus. In five of the six pairs, allele dropout may explain the
single allele difference as the less frequent MLG was homozygous
at the locus that differed by 1 allele. Furthermore, the paired
MLGs were always found cooccurring within the same host indi-
viduals, a result that seems unlikely if pairs truly represented dif-
ferent clones. Hence, we are confident that the modified dataset
(Methods) more appropriately reflects clone identifications. After
making the modified dataset (n = 272mod) (SI Appendix, Table
S2), there were 54 unique MLGs, and, once again, all repeated
copies of an MLG were found to be clonemates (i.e., Py, < 0.01 at
n = 2). Therefore, the overall index of clonal diversity expressed as a
percentage was 19.9% (54 of 272). We note that the five loci we used
had very high discriminatory power to identify the maximal clonal
diversity in the sample, as evidenced by the resampling of all loci
combinations from one to five loci (option in GENCLONE 2.0). In
fact, at just three loci, the mean number of unique MLGs was 53.2
(range: 51 to 54), and, with four loci, all 54 MLGs were identified.

None of the 54 clones or clonemates were shared between the
two sites (Fig. 1). Thus, clonemates only occurred within sam-
pling locations (i.e., within ant nests) and not between them.
Although up to eight clones were detected in an individual ant
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Site-SC

N() _11(17) 21 (47) 15 (25) 20 (45)

22 (49) 16 (108) 8 (28) 18 (40) 3(71)

N() 12(17) 28 (51) 20 (64) 4(17) 19 (36) 9 (44) 20 (21) 4(18) 22 (176)
N = successfully genotyped flukes H = possible half-sib to brain fluke @ between-host ® brain-fluke clonemates
I = infection intensity (total counted) F = possible full-sib to brain fluke @ clonemates within a host

Fig. 1. Distribution of larval D. dendriticum clones and clonemates among infected ants collected from two sampling locations (SC, top; and TC, bottom) in
Cypress Hills Park, Alberta. Each circle represents a unique clone, except for the following two criteria: 1) Solid colors denote clonemates that occur between
hosts, and 2) red-outlined/patterned circles denote a brain fluke and its abdomen clonemates within a host. The area of the circle is proportional to the
number (shown in the circle) of individuals of the respective circle. For example, the fourth ant in site SC has eight individuals of the green clone, one of which
is a brain fluke, and 12 individuals of the blue clone. The green and blue clones are also found in the third ant in site SC. The third ant has a brain fluke that

does not have a clonemate in the abdomen.

(ant 9 at TC), 66% of the ants contained one to three clones. The
summary distribution data also showed that five clones had
clonemates shared between different ants collected at the same
site (all at site SC) (Fig. 1). Ants 3 and 4 shared the “green” and
“blue” clones, and ants 6 and 7 shared the “orange,” “magenta,”
and “purple” clones (Fig. 1). For example, the “purple” clone
present in the head of ant 7 was found in the body of ant 6. In 11
of the ants where both a brain and body fluke were genotyped,
there were six cases where the brain fluke had clonemates in the
abdomen of the same host (red outlined circles, Fig. 1).

Clonal Structure. In the complete dataset (n = 272mod), average
within-host Fg was significantly negative (—0.407; one-tailed P <
0.001), and there was significant among-host genetic structure
(Fsr = 0.275; one-tailed P < 0.001). Ignoring among-host parti-
tioning, F;g of the component parasite population was significantly
negative (—0.039, two-tailed P = 0.003), and all 10 pairwise
combinations of loci had significant GD (all P values < 0.001).
When the dataset was reduced to only unique clones within each
host (n = 59), average within-host F;s was positive and not sig-
nificant (0.031; one-tailed P = 0.15), and among-host Fsr was no
longer significant (0.015; one-tailed P = 0.1). When only unique
clones were analyzed as a single population (n = 54), F;g was no
longer negative (= 0.052; two-tailed P = 0.076). SI Appendix, Table
S3 provides the per locus number of alleles, gene diversity, and Fg
values for the unique clone data (n = 54) as this would reflect the
product of sexual reproduction in the parental generation of the
sample. In addition, there was no significant GD for any pair of
loci (all P values > 0.17). These results provide strong evidence for
clonal genetic structure at the metacercarial stage of D. dendriticum.
Moreover, the lack of genetic structure in the reduced datasets
indicates flukes from both sites belong to the same underlying
genetic population, a result consistent with the panmixia we ob-
served using adult flukes in a prior study (29).

Pedigree Reconstruction. With » = 54 unique individuals (i.e.,
clones), there were 1,431 dyads of which there was a single full
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sib dyad and 157 half-sib dyads inferred in the best configuration.
Hence, 11% of the dyads among clones were inferred to be siblings.
Specific sibling and clonemate relationships among brain fluke and
body fluke clones are shown in Fig. 1. There were five ants in which
the brain fluke had a half-sib relationship to another clone within
the same host. In general, the probabilities of these half-sib rela-
tionships were low (P values = 0.26, 0.38, 0.48, 0.69, and 0.73) (Fig.
1). Thus, caution is advised as these half-sib relationships may be
false positives. In contrast, the one full-sib dyad, which was between
a brain fluke and body fluke in the same host (Fig. 1), had strong
support (P = 0.92) and was found in all 1,000 plausible sibship
configurations provided in the COLONY archive file.

Assessing Clonemate and Sibling Cotransmission. Across all indi-
viduals (n = 272), there were 36,856 possible dyads of which
1,471 were clonemate dyads (Pgc = 4%). There were three full-
sib dyads and 3,872 half-sib dyads (Pgs = 10.5%). Within ant
hosts, there were 2,369 possible dyads; Pc = 54% and Ps =
12.8%. There was no overlap in the 84% CI of Pc and Pgc (Fig.
2), and the odds of being a clonemate dyad within hosts was 28
times higher than that expected by chance (ORc = 28.1; 95% CI:
[18.9, 48.4]; P~ = 0.0001). In contrast, the 84% CI of Ps and Pgg
completely overlapped (Fig. 2), and ORg was not significantly
greater than 1 (ORs = 1.3; 95% CI: [0.4, 2.6]; P~ = 0.28). Thus,
there was significant clonemate cotransmission, but no significant
sibling cotransmission greater than that expected by chance alone.

Mean Number of Clones per Host. Using the raw number of clones,
the weighted mean number of clones per ant host was 3.5 (95%
CI: 2.2 to 4.9), which was significantly greater than 1 (P < 0.001).
The weighted mean N;, number of equally common clones per
ant host, was 2.9 (95% CI: 1.9 to 3.9), which was also significantly
greater than 1 (P < 0.001).

Clonal Metrics by Location. There was no statistical difference in

the index of clonal diversity between SC and TC (Fisher’s exact
test, P = 0.65). Moreover, there was overlap in 84% CI for all other
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Fig. 2. Percentages of clonemate and sibling dyads within hosts (Pc and Ps,
respectively; circles) compared to the percentages of clonemate and sibling
dyads across the whole component population (Pgc and Pgs, respectively;
triangles). The 84% Cls are shown.

clonal metrics (Table 1). Therefore, resulting clonal transmission
patterns are nearly identical at both locations, and the results based
on analyses of the whole dataset (n = 272mod) are the main focus
of the discussion.

Discussion

Natural History Inference on Clonemate Abundance. A striking fea-
ture we observed for D. dendriticum metacercariae is that its index
of clonal diversity among ants, 19.9% (54 of 272), is the lowest
reported to date for any trematode species. Given the asexual
reproduction and high numbers of cercariae often produced in
molluscs by trematodes, it may seem intuitive that numerous
clonemates would be present in subsequent hosts. However,
existing data among trematodes indicate that an abundance of
clonemates and, hence, a low index of clonal diversity are not an
inevitable outcome. The environments of transmission, peculiari-
ties of life cycle patterns, and sampling scale will drive estimates of
clonal diversity (21). Among trematodes with three-host, fully
aquatic or aquatic-to-bird life cycles, and no matter if sampling was
done at the definitive host or second intermediate host stage, most
reported clonal diversities are from 95 to 100% (43-50). Aquatic
life cycles are favorable for cercarial dispersal, and mobile second
intermediate hosts may acquire cercariae from multiple first hosts.
Therefore, even if sampling is completed on a local scale, the
chance of finding an abundance of clonemates will be low.

The lowest clonal diversities have been reported from semi-
terrestrial trematode/host systems. For example, in Schistosoma
mansoni, where cercariae directly penetrate the final host, clonal
diversities were 80 to 85% among rat final hosts (51, 52). Among
sheep hosts on a single farm, Vilas et al. (53) reported a clonal
diversity of 58% for Fasciola hepatica, a species where cercariae
encyst on vegetation. In these semiterrestrial systems, there is
less opportunity for dispersal of clonemates prior to infection of
the next host. We do note that, when sampling was conducted on
larger scales (e.g., across multiple farms), high clonal diversities
have been reported for F. hepatica: 92% from cattle in Spain
(53), and 89% and 92% from sheep and cattle, respectively, in
the United Kingdom (54).
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Why does D. dendriticum have a high abundance of clone-
mates among ant hosts? Certain features of the lancet fluke’s
terrestrial life cycle likely promote localized transmission from
snail to ant. Terrestrial snails have low vagility, lack a dispersive
larval stage, and rates of passive transportation by other animals
are low (55). The results of marking studies indicate that indi-
viduals move less than 2 m over the course of 1y (56) and only
350 m over their lifetime (57). Likewise, the movement of the
ants that are used as second intermediate host for the lancet
fluke is probably restricted to a few meters within the vicinity of
the nest. Lastly, the cercariae within exuded slime balls cannot
disperse, and the slime balls themselves tend to adhere to the
surface of the substrate.

The clonemate distributions we observed among ant hosts are
consistent with the restricted movement of snails, ants, and slime
balls across the landscape. First, clonemates only occurred within,
and not between, the two sampling locations that are separated by
12 km (Fig. 1). Given that asexual reproduction occurs in the snail
host, this distribution of clonemates makes sense because of the
limited dispersal ability of both the snail and ant hosts. If clone-
mates were to be found among relatively distant locations, the
expectation would be that it would occur among the more mobile
ungulate definitive hosts. Second, because ants likely ingest slime
balls at or near the nest, any sharing of fluke clonemates among
ants would occur among nestmates. Consistent with the latter
idea, we found two pairs of ants that shared either two or three
clones (Fig. 1). These ants that shared clonemates were likely
nestmates because they were sampled in close proximity to a nest
at the same site. Overall, the low index of clonal diversity (i.e., high
clonemate abundance) in our local samples is concordant with the
biology of the lancet fluke and sets the stage for the potential of
kin selection in D. dendriticum.

Kin Selection Inferences. Is there evidence of clonemate or sibling
cotransmission? The answers are yes and no, respectively. In the
dataset retaining clonemates (n = 272mod), there was significant
structure among hosts (Fsr = 0.275), but, upon reducing to one
unique clone within each host, there was no longer significant
among-host structure (Fs7 = 0.015). Although the former test
shows a clear nonrandom distribution of clonemates among ant
hosts, comparing Fg7 values among systems is problematic due to
the dependency of Fsr on high marker gene diversity (i.e., high
mutation rates) (58). Building upon the methods of Detwiler and
Criscione (22), the proportion of clonemate dyads within hosts

Table 1. Parasite clonal patterns in D. dendriticum-infected ants
from two sampled locations in Cypress Hills Park, Alberta

Site-SC Site-TC
No. of individuals genotyped 134 138
Total no. of clones 25 29
Index of clonal diversity* 18.7% 21.0%
Clones per host" 3.5 (2.4, 4.7) 3.4(1.9,5)
N; per host* 2.9 (2.1, 3.8) 2.7 (1.6, 3.9)
Pect 0.08 (0.05, 0.11) 0.08 (0.05, 0.11)
Al 0.48 (0.32, 0.65) 0.60 (0.41, 0.78)
OR* 10.5 (7.0, 17.5) 17.1 (11.6, 33.4)

Overlap in 84% Cl (in parentheses) shows no differences between sites for
any of the clonal metrics.
*The percentage of clones among genotyped individuals.
"Weighted mean of the raw number of clones per host.
*Weighted mean of the number of equally common clones per ant host.
Spercentage of clonemate dyads over the entire component population (see
text for details).
ﬂPercentage of clonemate dyads within hosts (see text for details).
#0dds ratio of clonemate dyads within hosts to the component population
(see text for details).
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provides a comparable quantitative measure that will be useful
for comparisons among systems in future studies. We found that
54% of all dyad relationships within hosts were clonemates, and
this value was significantly greater than the 4% expectation by
chance. Indeed, clonemate cotransmisison was common as 17 of
18 hosts had at least one pair of clonemates and five of the 18
contained only a single clone (Fig. 1). In contrast, we found little
to no support that sibling cotransmission would play a role in
potential kin selection; the 12.8% of sibling dyads within hosts
did not deviate from the expectation by chance alone of 10.5%
(Fig. 2). These results confirm the original hypothesis by Wickler
(1) that the life cycle of D. dendriticum is conducive to clonemate
cotransmission. Hence, we find support for the potential of kin
selection to drive the host-manipulation behavior in the parasite.

Do brain flukes have clonemates or siblings encysted in the
same host? While clonemate cotransmission was high, the brain
fluke still needs to have clonemates in the same host for kin
selection to be possible. Our data support this second condition
for kin selection to be possible as, in six of the 11 (55%) ants
where a brain fluke was genotyped, there were clonemates of the
brain fluke encysted in the abdomen. In the other five ants
with genotyped brain flukes, it is possible there could still be a
clonemate as we did not genotype all body flukes. Therefore, the
55% frequency of clonemates to a brain fluke should be consid-
ered a lower bound. Although we did not have strong evidence for
sibling cotransmission, it is interesting to note that the single full
sib relationship that was identified was between a brain fluke and a
coinfecting metacercarial clone with three copies (Fig. 1). This
result raises another interesting clonal dynamic in that the pres-
ence of clonemates could amplify the number of sibling relation-
ships present in a host even though the overall chance of sibling
cotransmission is low. In this particular case, instead of just one
pair of full sibs, there are now three in relation to the brain fluke.

Wilson’s (2) model showed that larval D. dendriticum could
evolve the altruistic behavior even if ants are infected with mul-
tiple clones. Our results support this prediction of the model.
Overall, a minimum (as we did not genotype all individuals) of 54
progenitor eggs seeded the metacercariae collected from the 18
ants. With regard to the number of progenitor eggs that can
coinfect an ant, we found the mean number of clones per ant host
was 3.5 and that the mean number of equally frequent clones per
ant host was 2.9. Both values were significantly greater than 1. It is
interesting to compare these values to figure 2 in Wilson (2). For a
fixed value of where a brain fluke doubles the probability of an ant
being ingested compared to an infected ant with no brain fluke,
the figure shows that, when three equally frequent clones (which is
the value we observed) infect ants, the frequency of parasitized
ants that have a brain flukes is ~98 to 99%. In accordance with
this prediction, Romig et al. (59) reported 97.7% (43 of 44 via
dissection) of ants collected from vegetation contained a brain
fluke. Each of the 12 infected ants examined by micro-CT in
Martin-Vega et al. (13) had a brain fluke. Further, in the hundreds
of ants collected in our annual monitoring studies (e.g., ref. 26),
each individual contained a single brain fluke.

It is possible that metacercarial clonal distribution patterns
within and among ant hosts could vary across sampling locations.
As discussed above, the scale of clonemate transmission is likely
to be highly localized. Thus, factors that affect cercarial clonemate
reproduction in snails (e.g., local adaptations of host—parasite
compatibility or intraspecific competition within snails) and/or
contact and consumption rates of slime balls by ants (e.g., habitat
heterogeneity, ant colony size, or behavioral differences in ant
species) may impact the number of clones, abundance of clone-
mates, and how both are partitioned among individual ants on a
local scale. In our study system, we did not detect differences in
clonemate abundance or differences in various clonal metrics
within or among ants between the two sampled locations (Table 1).
Thus, despite being 12 km apart, there appears to be consistency in
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the clonal transmission process from snail to ant in the Cypress Hills
system. For future studies, it will be of interest to test if the mean
number of clones per ant varies among locations and, if so, if the
frequency of parasitized ants with brain flukes declines as a function
of within-ant clonal diversity as predicted in Wilson (2).

Conclusion

Kin selection was invoked over 40 y ago as a means of driving the
evolution of the lancet fluke’s altruistic-based, host-manipulating
behavior (1). However, data on the level of genetic relatedness
between the brain fluke and abdomen metacercariae have remained
lacking. Our results provide empirical evidence that conclusively
shows the conditions necessary for kin selection to operate in this
system. Specifically, we find a high degree of parasite clonemate
cotransmission into ant hosts and that the brain fluke is often a
clonemate of its coinfecting abdomen metacercariae. Moreover,
our results are in agreement with an existing model that shows the
altruistic behavior can evolve in the presence of multiple parasite
clones within the same ant host. Hence, our clonal data from ants
fill an important empirical gap in the long-perpetuated adaptive
story of the lancet fluke in that we find support for the potential of
kin selection to drive the evolution and maintenance of this iconic
host manipulation.

Recent, high-resolution imaging data of the larval flukes inside
ants (13, 16) provide support to another part of the adaptive
story: i.e., the host-manipulation trait is the result of an evolved
altruistic behavior in the parasite. In the original experimental
infections of final hosts (17), the lack of explicit methodologies
precludes conclusive assessment of the reported noninfectivity of
the brain fluke. Nonetheless, structural differences between the
brain fluke and abdomen flukes provide inferential support for
fitness costs associated with the host-manipulation behavior
displayed by the brain fluke (13, 16). Whereas the abdomen
flukes are enveloped by a thick, double-layered cyst wall, the
brain flukes are unencysted. It follows that brain flukes likely
have reduced survivorship during the harsh ingestion processes
in a final host (e.g., mastication, digestive enzymes). Moreover,
in contrast to the abdomen flukes, the teguments of brain flukes
are dominated by mitochondria-rich secretory tissue, which is
consistent with its active energy-expending role of manipulating
the ant. Hence, even if a brain fluke established in a final host, its
reduced energy stores would lead to lower fecundity than an
abdomen fluke. While additional experimental exposures into
final hosts are warranted, the structural differences along with
the original experimental infection report (17) collectively sup-
port the hypothesis of reduced fitness of the brain fluke as a
consequence of its behavior in manipulating the ant host. Hence,
the brain fluke’s behavior fits the definition of an altruistic trait.

D. dendriticum is already distinctive among parasite puppe-
teers in that its induced ant “zombie-ism” involves discrete and
daily “on—off” phases of host manipulation. Our clonemate
cotransmission results highlight additional unique features of this
parasite. For example, kin selection has played a role in the
evolution of a diverse array of organismal traits from warning
behaviors and cooperative breeding to the formation of microbial
multicellular bodies and plant root growth (60). The lancet fluke
provides the only known example where a kin-selected, altruistic
trait facilitates parasite transmission. In addition, in other animal
systems where kin selection operates, the genetic relatedness is
largely determined by sibling and/or parent—offspring relation-
ships. The obligate asexual reproductive stage of D. dendriticum in
its snail first host has enabled the highest degree of genetic re-
latedness: i.e., clonality. Given the ubiquity of obligate asexual
reproduction among digeneans, it will be of interest to quantify
clonemates and explore the role of kin selection in the evolution
of other trematode traits: e.g., larval-stage division of labor within
mollusc hosts (61, 62) or competition outcomes for coinfecting
metacercariae (e.g., ref. 63).
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