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The malaria parasites (Apicomplexa: Haemosporida) of birds are
believed to have diversified across the avian host phylogeny well
after the origin of most major host lineages. Although many
symbionts with direct transmission codiversify with their hosts,
mechanisms of species formation in vector-borne parasites, in-
cluding the role of host shifting, are poorly understood. Here, we
examine the hosts of sister lineages in a phylogeny of 181 putative
species of malaria parasites of New World terrestrial birds to
determine the role of shifts between host taxa in the formation of
new parasite species. We find that host shifting, often across host
genera and families, is the rule. Sympatric speciation by host
shiftingwould require local reproductive isolation as a prerequisite
to divergent selection, but this mechanism is not supported by the
generalized host-biting behavior of most vectors of avian malaria
parasites. Instead, the geographic distribution of individual par-
asite lineages in diverse hosts suggests that species formation is
predominantly allopatric and involves host expansion followed by
local host–pathogen coevolution and secondary sympatry, result-
ing in local shifting of parasite lineages across hosts.
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Cospeciation of symbionts with their hosts has been recog-
nized in parasites with strong vertical transmission (1, 2),

viruses that spread by direct contact (3), and bacterial and
viral symbionts passed from mother to offspring through the egg
(4). Species formation in parasites that are transmitted between
hosts by vectors is less well-understood (5, 6). Poor matching
between the phylogenetic trees of vector-borne hemosporidian
(malaria) parasites and their North American avian hosts sug-
gests a predominance of host shifting compared with cospecia-
tion (7) (reviewed in a broader context in ref. 8). Whether host
shifting occurs primarily between closely related hosts and in
geographic sympatry, and whether rates of host shifting followed
by species formation are sufficient to explain the contemporary
diversity of hemosporidian parasites, have not been determined.
Many species of hemosporidian parasites have been described

and named based primarily on the microscopic morphology of
meronts and gametocytes in blood smears (9). The more recent
discovery of hundreds of lineages based on DNA sequence
variation in the mitochondrial cytochrome b gene (cyt b) (5, 10,
11) requires, however, a different species concept based on
analysis of independent components of the genome (12–16).
Recent estimates of the rate of molecular evolution in hemo-
sporidian mitochondrial genes imply that the contemporary
malaria parasites of vertebrates might have descended from
a common ancestor within the past 20 (17) or 40 Ma (18) or,
perhaps, a longer time period (19). Although an appropriate
calibration for the rate of hemosporidian evolution remains
unsettled (20, 21), host shifting almost certainly has been fre-
quent, likely across great host distances at times, over the re-
cent history of the group.

Speciation in sympatry (i.e., in the absence of geographic
barriers to gene flow through local host specialization) might
follow host shifting if mating between parasites was assortative
with respect to vertebrate host or if different hosts imposed
strong disruptive selection on parasites (22). However, despite
some documented feeding preferences (23–25), dipteran vectors
of avian malaria parasites do not seem to be sufficiently spe-
cialized to isolate populations of parasites on different hosts (26–
29). In addition, many parasite species and many parasite line-
ages distinguished by DNA sequence variation occur locally
across broad ranges of hosts without apparent differentiation, at
least in the mitochondrial cytochrome b gene (30–32) and sev-
eral nuclear markers (12, 14). Alternatively, host shifting in one
allopatric population of a parasite species could be followed,
after sufficient host–pathogen coevolution and evolutionary dif-
ferentiation to produce reproductive incompatibility, by second-
ary sympatry, thereby increasing local parasite diversity.
Here, we examine recent nodes in an mtDNA-based phylog-

eny of New World hemosporidian parasites to determine the
degree to which lineage formation is associated with host shift-
ing. Although our phylogenetic reconstruction is based on a sin-
gle mitochondrial gene (cyt b), phylogenies based on genes
from the mitochondrial, nuclear, and apicoplast genomes are
broadly consistent for the relatively recent nodes considered in
this analysis (6, 12–14, 33–35). In addition, analyses of avian
hemosporidian parasites based on multiple independent markers
have distinguished mtDNA-defined lineages on the basis of sig-
nificant linkage disequilibrium (13).
We distinguish as species the lineages that differ in their

mtDNA cytochrome b gene sequence (by as few as 2 nt) and, for
the most part, occur in either different hosts in the same local
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area or the same or different hosts in different geographic areas
(32, 36). In some cases, closely related lineages occur in the same
host locally. Sister lineages in this analysis differ by an average of
about 1% sequence divergence, although some sequences sepa-
rated by as little as a single nucleotide can exhibit consistent host
or geographic differences. Inference concerning the mode of
species formation is based primarily on host and geographic
distributions of these hemosporidian mtDNA lineages. However,
the correspondence between lineages and reproductively isolated
species is poorly resolved (13, 37, 38). Each node was designated
as either sympatric or allopatric depending on whether the de-
scendant lineages occurred on the same West Indian islands or in
the same regions within larger continental areas. The status of
closely related parasite lineages occurring locally in the same
host species is ambiguous, but these lineages might reflect ge-
netic variation within a parasite species.
Previous analyses have suggested that host shifting, rather than

codivergence, predominates species formation in the hemo-
sporidian parasites of birds (5, 7). We find this most frequently to
be the case in this analysis, and we discuss whether species for-
mation by host shifting occurs primarily in sympatry or allopatry.

Results
We analyzed 181 genetic (mtDNA) lineages of hemosporidian
[Plasmodium spp. (81 lineages) and Haemoproteus spp. (100
lineages)] parasites identified among 3,849 sequenced individual
parasites from ca. 16,000 host individuals of primarily passerine
birds (Aves: Passeriformes) from North and South America,
including the West Indies (SI Text, section S1). Phylogenetic
relationships of the parasite lineages (SI Text, section S2) are
displayed in Fig. S1. We analyzed 58 superficial (terminal and
subterminal) branch points, or nodes, with bootstrap support
exceeding 50% (average ± SD = 76 ± 17%; raw cyt b genetic
distance ± SD = 0.0111 ± 0.0067) (SI Text, section S3 and Fig.
S1). Host distributions of parasite lineages on either side of each
of these nodes were scored for allopatry (27 nodes) vs. sympatry
(31) and for the taxonomic level of host distinction, which
ranged from none (same host species = 16) to different species
(8), genera (15), families (14), and orders (5) (Table 1). Thus,
28% of parasite sister lineages occurred within the same host
species, whereas 26% occurred in different host genera, and 24%
occurred in different host families. The taxonomic level of host
difference was unrelated to the distinction between allopatry
and sympatry (G = 1.2, df = 4, P = 0.87) and did not differ be-
tween Haemoproteus (39 nodes) and Plasmodium (19 nodes) line-
ages (G = 2.0, df = 3, P = 0.58). Genetic distances between sister
lineages did not differ between allopatric and sympatric lineages
(F = 0.10, df = 1, 52, P = 0.94) and did not vary with level of host
taxonomic distinction, ranging from none to order (F = 0.44,
df = 4, 52, P = 0.78) (Fig. 1).
If parasite lineages shifted to individuals of new host species

at random within a local host community, most of these shifts
would involve host species in different families of birds (Fig. 2).
We calculated probabilities, under random host shifting, that
sister parasite lineages would infect hosts related at different
taxonomic levels for 757 potential host individuals of 42 species

sampled at a field site in southern Missouri (32) and 2,433 po-
tential host individuals of 101 species at Tiputini in Amazonian
Ecuador (36). Compared with such random shifting in the North
American locality, no differences and species-level host differ-
ences are overrepresented, and family-level host differences are
underrepresented (Fig. 2) (G = 11.5, df = 4, P = 0.002). The result
for North America is consistent with lower barriers to shifting be-
tween more closely related hosts. In the South American locality,
family-level host differences are overrepresented at the expense
of genus-level host differences, but the overall distribution does not
differ significantly from the expected random distribution (G = 8.5,
df = 4, P = 0.07).
Our sample of nodes (n = 58) included eight cases of divergent

parasite lineages that occur locally within the same host species.
In five of these cases, one of the paired lineages was a unique
sequence and therefore, not confirmed in additional hosts. One
of the remaining three nodes (node 21) (SI Text, section S3)
unites NA04 [recovered from 23 northern cardinals (Cardinalis
cardinalis) in the Chicago area (19) and southern Indiana (4)] with
OZ03 [recovered from 5 northern cardinals in Missouri (4) and
southern Indiana (1)] as well as individuals of 14 additional species
sampled from Connecticut to New Mexico [and one recovery
from an antbird (Thamnophilidae: Thamnophilus murinus) in
Ecuador]. The second node (node 22) unites lineage CHI20PA
[four white-throated sparrows (Zonotrichia albicollis) and one
red-winged blackbird (Agelaius phoeniceus) in the Chicago area]
with NA04 (42 occurrences, including two red-winged black-
birds in the Chicago area) and OZ03 (not recovered from either
species). The third node (33) links two lineages [one recovered
commonly (LA22) and the other recovered rarely (NA13; one
instance) from the vermillion cardinal Cardinalis phoeniceus
in northern Venezuela].

Discussion
Our analysis of the host distributions of malaria lineages suggests
that most cases of lineage splitting in hemosporidian parasites
follow host shifting, often across large host taxonomic distances.
Although repeated shifting back and forth between closely re-
lated hosts can produce the appearance of codivergence (8, 39),
such back-shifting to the original host apparently does not occur
commonly among hemosporidian parasites of birds. Indeed, we

Table 1. Sympatry and degree of host taxonomic distinction

Host distinction

None Species Genus Family Order

Sympatric 8 5 9 6 3
Allopatric 8 3 6 8 2
Percentage of total 27.6 13.8 25.9 24.1 8.6

Each of 58 nodes was classified with respect to taxonomic distinction
between hosts and allopatry vs. sympatry of occurrence.

Fig. 1. Genetic distance between 58 sister lineages of avian malaria para-
sites. Distances, which are the unweighted proportions of nucleotide dif-
ferences, are plotted as a function of taxonomic level of host difference; the
distinction of sister lineages as sympatric (●) or allopatric (○) is indicated.
Genetic distance is unrelated to taxonomic level of host switch (P > 0.05)
whether treated as a class variable or a continuous variable from none = 1 to
order = 5.
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were not able to reject a model of random shifting to available
hosts, regardless of species, from data obtained in one location in
South America (Fig. 2).
Regardless of the taxonomic difference between their hosts,

closely related lineages of parasites—putatively sister species—
are about evenly split between those exhibiting allopatric dis-
tributions (27) and those presently occurring in sympatry (31).
With respect to related parasite lineages occurring in sympatry, it
is difficult to imagine how local host expansion could result in
interrupted gene flow between parasite populations on different
hosts and lead to sympatric parasite species formation. This
possibility would require (i) a preadaptation that suited an in-
dividual parasite to a new host while preventing its continued
infectivity in the old host (in which case host species would
differ), (ii) the presence of vectors that show strong (but not
perfect) host specialization, such that gene flow between the
two host populations of a particular parasite was substantially
reduced, or (iii) strong diversifying selection (22). Mutations that
would preadapt a parasite to a new host (at the same time, re-
ducing adaptation to the original host) are difficult to envision,
and such cases presumably would not be detected readily in
samples of local parasite–host communities. More frequently,
a particular parasite lineage is distributed across several to
numerous hosts, sometimes achieving high prevalence in one
or more of them. However, although certain Anopheles mos-
quitoes seem to be host-restricted—to human hosts, for exam-
ple (25)—most vectors of hemosporidian parasites are not
sufficiently specialized on individual host species to prevent
gene flow between parasite populations on different hosts locally
(26, 28, 29, 40).
An alternative mechanism of species formation would involve

parasites adapting to different host populations in allopatry (i.e.,
through gaining new hosts and losing old hosts in isolated areas)
followed by secondary sympatry after parasite populations had
been apart long enough to evolve reproductive incompatibility.
Such host shifting could also involve coevolution of resistance
factors by the host populations. If this mechanism were operat-
ing, one would recognize the initial stages of this process as a
particular parasite lineage infecting different hosts in different
localities. Indeed, this pattern is frequently observed, particularly
in our samples from the West Indies, where the isolation of
island populations reflects unambiguous barriers to dispersal.
Fig. 3, for example, shows the West Indian host and island dis-
tributions of a clade of Haemoproteus spp. parasites representing

nodes 23–29 in Fig. S1. Sister lineage pairs JA02/DR03, LA07/
LA14, and DR02/LA27 are all allopatric, and most of the lin-
eages exhibit substantial gaps (disjunctions) across continuous
distributions of their principal hosts.
Table 2 examines parasite distributions from the point of view

of a single host, the bananaquit (Coereba flaveola)—the most
abundant species of bird in the West Indies. No parasite lineage
of this host has a continuous distribution throughout the archi-
pelago, and the primary parasite lineages infecting the banana-
quit shift from island to island and often, back again. Each of the
parasite lineages also appears in different host species on the
islands where it is absent from bananaquits. For example, lineage
OZ04, a common parasite of bananaquits (n = 62) on Jamaica
and St. Lucia, infects the plumbeous warbler (Setophaga plumbea;
n = 9), Lesser Antillean bullfinch (Loxigilla noctis; n = 6), and
black-faced grassquit (Loxigilla bicolor; n = 5) on Dominica,
where the bananaquit is common and infected, instead, with
lineage OZ21 (n = 9).
Lineage OZ21 (Haemoproteus coatneyi) exhibits high preva-

lence in both the bananaquit (n = 105) and the Lesser Antillean
bullfinch (L. noctis; n = 118) on most of the Lesser Antilles but is
apparently absent from the bananaquit on Martinique and rare
in bullfinches on Guadeloupe, where both hosts are common.
Lineage OZ02 infects primarily the bananaquit (n = 64) in the
Greater Antilles, including the Cayman Islands (except that the
parasite lineage is absent from Jamaica), but also, the Puerto
Rican bullfinch (Loxigilla portoricensis; n = 15) on Puerto Rico,
the green-tailed warbler (Microligea palustris; n = 13) and black-
crowned palm tanager (Phaenicophilus palmarum; n = 59; and four
bananaquits) on Hispaniola, the northern cardinal (C. cardinalis;
n = 14) in southernMexico, and the scarlet tanager (Piranga olivacea;
n = 8) in the Missouri Ozarks.
Although sister parasite lineages within the same host might

follow a series of shifts locally from one host to another and back
again, with loss of the intermediate parasite lineage in the al-
ternate host (8), lineage divergence within a host might also
occur in allopatric host populations followed by secondary sym-
patry. The possibility of sympatric speciation has been raised in
some studies, particularly the work by Pérez-Tris et al. (41), in
reference to closely related lineages of Haemoproteus in pop-
ulations of European blackcap warblers (Sylvia atricapilla), with
some infections occurring in the closely related garden warbler
(Sylvia borin) and the African hill babbler (Sylvia abyssinica), with
which the blackcap overlaps on its wintering range. Although

Fig. 2. Proportions of host shifting associated with different taxonomic levels of host difference. The comparisons involve a sample of (Left) 25 North
American parasite lineages and (Right) 23 South American parasite lineages compared with random host shifting among individuals captured in the Ozark
field site in southern Missouri and the Tiputini field site in Amazonian Ecuador. Predicted ordinal shifts were not calculated for the Ozark site, because only
about 1% of captures were of species other than Passeriformes (nine individuals of the order Piciformes: the downy woodpecker, Picoides pubescens).
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some of these lineages might represent genetic variation within
a single parasite population, others exhibit clear species dis-
tinction shown by linkage disequilibrium between mitochondrial
and nuclear genes (13).
We suggest that such examples of sympatric occurrence of

closely related parasite lineages might represent earlier allopat-
ric speciation in isolated host populations. The average genetic
distance of sister lineages in our analysis (1.1% sequence di-
vergence) represents a minimum interval of 0.92 Ma based
on the most rapid evolutionary rate estimated for cyt b. This
minimum interval includes most of the major advances and
retreats of ice sheets in Europe and North America. The av-
erage uncorrected pairwise genetic distance (p) between 17
parasite lineages in the blackcap clade in the work by Pérez-Tris
et al. (figure 2b in ref. 41) is 0.018 ± 0.010 (range = 0.002–0.033),
corresponding to an average of at least 1.5 Ma. Thus, opportu-
nity for isolation and differentiation of parasite lineages in host
populations inhabiting ice-free refugia during the height of gla-
cial advances or other previously isolated host populations could
explain the co-occurrence of closely related lineages in a single
contemporary host population without having to resort to a
hypothesis of sympatric species formation.
A similar parasite lineage swarm occurs in the widespread

North American red-eyed vireo (Vireo olivaceus), which includes
the related lineages LA26, NA10 (node 14), OZ05 (node 13),
OZ10, OZ12, OZ13 (node 15), OZ17, and OZ28 (node 11), at
least six of which co-occur locally in southern Missouri (32), and
other lineages in additional species of Vireo. The average pair-
wise genetic distance between 11 lineages in this clade is 0.031 ±
0.017 (range = 0.002–0.065), corresponding to an average time

interval of at least 2.6 Ma. The most common of these lineages
also occurs in the related black-whiskered vireo (Vireo altiloquus),
which is distributed within the wintering range of the migratory
red-eyed vireo in the West Indies and in resident populations
(Vireo chivi) in northern South America. One of the lineages
(LA26; four examples from Trinidad) has not yet been identified
in North America. Thus, origin in allopatry followed by subsequent
spread and secondary sympatry remains a possible scenario for
this clade.
The parasite lineages included in our sample span the most

basal node (i.e., most recent common ancestor) in the avian
malaria phylogeny uniting the genera Plasmodium and Haemo-
proteus (11, 12, 42) and represent a basal dichotomy occurring as
little as 9 Ma ago, according to one calibration (17). A maximum
rate of lineage splitting can be estimated for a constant rate
process from the lengths of terminal branches in the phylogeny,
although several sources of bias can influence such estimates
(43). For 42 terminal comparisons, the genetic distance between
parasite sister lineages averaged 0.0093 ± 0.0060 SD (range =
0.0035–0.0310). This distance represents the average time look-
ing backward to a lineage splitting event, which is the inverse of
the speciation rate. Using the highest estimated rate of genetic
divergence of 0.012 Ma−1 (17), 0.0093 sequence divergence
represents a lineage doubling time of 0.775 Ma. At this rate and
ignoring the unknown rate of extinction of parasite lineages, a single
ancestral lineage could produce ca. 29/0.775 = 3,132 descendant
lineages in 9 Ma. Slower rates of cyt b divergence would produce the
same number of descendants over correspondingly longer periods.
This estimate considerably exceeds the number of parasite

lineages identified in the host species included in this study.

Table 2. Principal hemosporidian lineages of the bananaquit (C. flaveola) through its range in the West Indies

Lineages (more than
nine infections)

Greater Antilles Lesser Antilles

GC LC CB JA DR PR EY MO BU AN GU DO MA SL BA SV GR

DR03 19* 6
JA02 20* 4 3 6
LA07 49* 1 6* 1 1 2 29*
OZ02 5 21* 23* 4 11*
OZ04 35* 2 2 1 3 1 14* 3
OZ19 2 10*
OZ21 2 16* 1 1 4 13* 9* 6 18* 34*

AN, Antigua; BA, Barbados; BU, Barbuda; CB, Cayman Brac; DO, Dominica; DR, Dominican Republic (Hispaniola); EY, El Yunque
montane forest, Puerto Rico; GC, Grand Cayman; GR, Grenada; GU, Guadeloupe; JA, Jamaica; LC, Little Cayman; MA, Martinique; MO,
Montserrat; PR, Puerto Rico; SL, St. Lucia; SV, St. Vincent.
*Principal parasite populations.

North America Greater An�lles Lesser An�lles South America
NA YU CI JA HI PR MO BU AN GU DO MA SL SV GR TR VE

DR05 SDO(3)
JA02 CFA(27) CFA(6)
DR03 CFA(25) CFA(6) LNO(1)
LA07 PIL(2) IGU(2) CFA(57) CFA(1) CFA(6) CFA(1) CFA(1) CFA(29) INI(3)
LA14 CFA(1)
DR02 LVI(23) LNO(1) LNO(5) LNO(9) LNO(5)
LA27 TBI(8)
JA06 CFA(2)

Nodes 23-30

Fig. 3. Distribution of a clade of hemosporidian parasites (Haemoproteus), representing nodes 23–30 in SI Text, section S2, from North and Central America
through theWest Indies to northern South America. Darkened boxes represent recoveries (numbers of infected individuals in parentheses) from island populations
of the bananaquit (C. flaveola; CFA), the principal host of this clade of parasites, along with the related Lesser Antillean bullfinch (L. noctis; LNO) and Greater
Antillean bullfinch (Loxigilla violacea; LVI). Hosts in continental localities are unrelated. Island populations of bananaquits lacking or nearly lacking parasites from
this clade have been found to be infected with (Table 2): Antigua, OZ21 (4); Guadeloupe, LA21 (13); Dominica, OZ21 (11); St. Vincent, OZ21 (34); and Montserrat,
five parasites (all from different lineages). Island populations of bullfinches lacking this clade are infected with: Puerto Rico, OZ21 (21) and OZ02 (15); Jamaica,
OZ04 (3), JA05 (2), and JA04 (1); Montserrat, OZ21 (4); Guadeloupe, OZ04 (3) and OZ21 (2); Dominica, OZ04 (6) and OZ21 (7); Martinique, OZ21 (13); and St. Vincent,
OZ21 (20). Locations: AN, Antigua; BU, Barbuda; CI, Cayman Islands; DO, Dominica; GR, Grenada; GU, Guadeloupe; HI, Hispaniola; JA, Jamaica; MA, Martinique;
MO, Montserrat; NA, North America; PR, Puerto Rico; SL, St. Lucia; SV, St. Vincent; TR, Trinidad; VE, northern Venezuela; YU, Yucatan Peninsula, Mexico.
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However, the estimate might approximate the diversity of avian
malaria parasites globally considering that the number of recog-
nized lineages roughly parallels the number of host species sampled
thus far [the MalAvi database (mbio-serv2.mbioekol.lu.se/Malavi/)
lists 1,545 haplotypes of hemosporidian cyt b obtained from 855 host
species (44); our database (in part) (SI Text, section S2) contains
211 lineages recovered from 318 species]. Also, because we have
broadly sampled small birds in local avifaunas, our local estimate of
the net rate of recent lineage splitting might well approach the
overall diversification rate of malaria species in the global avifauna.
Haemosporidian (malaria) parasites of birds have diversified

across the ca. 10,000 species in the class Aves, perhaps now num-
bering as many parasite species as their hosts in as little as ca. 10Ma
and plausibly within several multiples of this period (almost cer-
tainly after the diversification of major host taxa). Closely related
lineages of parasites are most frequently associated with different
hosts that are often separated by large host phylogenetic distance.
Species formation evidently follows on host shifting, although the
underlying mechanisms (including the role of vector behavior) are
not understood. Spatial heterogeneity in the host associations of
individual parasite lineages suggests that host–parasite coevolution
and, perhaps, local interactions among parasites through host
immune systems can cause parasites to shift among host species
locally, which might promote disruptive selection and speed
the evolution of reproductive incompatibility between allopatric
populations. Secondary expansion of differentiated parasite pop-
ulations to ancestral localities would increase local parasite di-
versity. The key to rapid evolutionary diversification and species
formation would seem to be strong selection on parasites by
evolving host defenses. This dynamic coevolutionary in-
teraction of a parasite lineage with a broad range of hosts might
explain how hemosporidian parasites could diversify so rapidly as
to spread across all terrestrial vertebrates in a short period.

Methods
Samples and Phylogenetic Analysis. Malaria parasites were characterized by
variation in mitochondrial cytochrome b gene sequences obtained from blood
samples of birds at sites throughout the Americas under appropriate govern-
mental permits and Institutional Animal Care and Use Committee protocols and
imported under permits from the Animal and Plant Health Inspection Service
and United States Fish and Wildlife Service. Birds were caught opportunistically
by mist nets in representative habitats to provide a broad, albeit not complete,
sample of local host species and parasite diversity. Because we used mist nets at
ground level, we sampled large species and canopy birds poorly. Our samples,
therefore, represent mostly passerine birds (Passeriformes) and doves (Colum-
biformes) that feed in open habitats and the understory of forests.

Approximately 5–10 μL blood was drawn from the brachial vein on the un-
dersurface of the wing and stored in 300 μL Longmire’s or PureGene lysis buffer.
All subjects were released unharmed, generally within 30 min of capture.

In the laboratory, DNA was extracted by alcohol precipitation. DNA
samples were initially screened by PCR with primers that target a conservative
154-bp sequence of parasite mitochondrial ribosomal RNA (31, 32, 45). For
samples that screened positive, we sequenced part of the mitochondrial cy-
tochrome b gene or its entirety using a variety of primer combinations (31, 32,
46). Chronic infections not present in the peripheral blood are likely to be
missed (47). In some cases, a detected parasite represented a sporozoite that
did not develop into a mature gametocyte, which is the stage that transmits
infections to the dipteran vector (48). Mixed infections were not commonly
apparent, but they were resolved by phasing (49) where possible.

Parasite Lineages. Parasite lineages (species?) were distinguished by cyto-
chrome b gene sequence divergence combined with differences in distribution

among hosts (32, 36). Phylogenetic relationships of the parasite lineages were
reconstructed based on between 239 and 1,031 nt (average = 537 ± 204 SD nt)
mitochondrial cytochrome b gene sequence. Phylogenetic reconstruction was
accomplished in the RAxML blackbox (50, 51) by maximum likelihood using
the default GTR + γ-model of nucleotide substitution with 100 bootstrap
replications to quantify support for individual nodes in the tree. Maximum
likelihood uses all of the information in an alignment, regardless of se-
quence length, and therefore, including short sequences does not limit
phylogenetic inference.

Statistical Analyses. The maximum likelihood tree (SI Text, section S2 and Fig.
S1) was inspected for nodes to be included in the analysis. They were gen-
erally terminal nodes or nodes within small clades with >50% bootstrap
support. We devised a weight for each comparison that included bootstrap
support (b) for the node and samples sizes (n1 and n2) of each sister parasite
lineage or clade of descendant lineages:

W =b
�

n1

n1 + 1

��
n2

n2 + 1

�
,

which is equal to a minimum of 0.25b when only one example of each lin-
eage has been obtained and a maximum of b. As the number of infected
individuals increases, one has more confidence that an infection is not
merely adventitious—a spillover infection—which might not be trans-
mittable to other individuals of the same host species. Additional statis-
tical analyses are described in Results.

We used general linear models to ask whether the level of phylogenetic
support for a node, the weight for the comparison including the sample size,
and the percent sequence divergence were related to (i) allopatry (yes or no)
or (ii) taxonomic level of host shift (Fig. 1). There were no significant sta-
tistical interactions between these variables and either allopatry or taxonomic
level (all P > 0.05), and none of the independent variables was significantly
related to allopatry or taxonomic level of host shift (all P > 0.05).

We calculated the probability under the null hypothesis that, if a parasite
from any single host individual were to shift at random to another host
individual in the same locality, the shift would occur at the taxonomic level of
the same species, a species in the same genus, a genus in the same family,
a family in the same order, or a different order. We made this calculation
separately for the total captures of host individuals in the Ozarks of southern
Missouri (32) and at Tiputini, Ecuador (36). For each host species at the two
locations, we calculated the proportion of host individuals among those
captured that were members of the same species (pS), genus (pG), family (pF),
and order (pO) in the data. At the species level, this proportion is pS = Σpi

2,
where pi is the proportion of species i among potential hosts in the area. The
calculation is the same at the genus level and above, except that one
removes the proportion of matches at lower nested taxonomic levels. That
is, if a shift occurs between individuals of the same species, it also occurs within
the same genus, family, and order, and cannot be counted two times. We
tested the correspondence between the null distribution and the observed
distribution of the number of species at each level of taxonomic difference by
G test, with 0.5 species added to each count to eliminate counts of 0 species.

Host taxonomy was based on Taxonomy in Flux ( jboyd.net/Taxo/List.html)
and the South American Classification Committee (www.museum.lsu.edu/
∼Remsen/SACCBaseline.htm).
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